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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
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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

References 21
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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
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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).
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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
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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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ABSTRACT

Dynamic volume CT is another milestone in the
development of CT technology. The use of wide
detectors will most probably impact a number of
clinical applications and has the potential to sig-
nificantly reduce radiation exposure. Dynamic
scanning of organs and organ regions and post-
processing evaluation of the data open up new
clinical applications and pose new challenges to
programmers and radiologists alike. What remains
to be determined is how the display of function
and the calculation of organ and tumor perfusion
with powerful computers will actually translate
into clinical benefits for the patient

Introduction

After the introduction of spiral CT technology into
clinical practice in 1998-1999, the advantages of being
able to scan larger areas of anatomy in a single breath
hold quickly became apparent (Mor1r 1986; KALEN-
DER et al. 1990). However, due to the limited detector
width available in conventional helical CT scanners, a
slice thickness of 5-10 mm had to be used, resulting in
multiplanar reconstructed (MPR) images with much
poorer resolution compared with axial images. Multi-
detector configurations consisting of several rows along
the patient’s longitudinal axis dramatically improved
spatial with the additional benefit of shorter scan times
(Kopka et al. 2002; Baum et al. 2000; Proxkor 2000;
BLOBEL et al. 2003). Sixty-four-detector-row CT scan-
ners are now available from all vendors, with detectors
varying in width from 3.2 to 4 cm, allowing acquisition
of slices ranging from 0.5 to 0.625 mm in thickness,
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which provides reconstruction with isotropic resolution
in all reformatting planes.

As the X-ray cone angle is proportional to the detec-
tor size, a further increase in detector width was long
thought to be virtually impossible due to the hardware
and reconstruction algorithm limitations.

The 320-detector-row CT scanner (dynamic volume
CT system) introduced for clinical application in 2007
has a detector width of 16 cm, resulting in a cone angle
of 15.2°, and offers new imaging options for a variety of
organs.

Technology

The new dynamic volume CT scanner (Toshiba Aquil-
ion ONE, Ottawara, Japan) comprises a conventional
gantry with an aperture of 70 cm and a 70-kW X-ray
tube with an opposing solid-state detector. The detector
is 16 cm in width along the rotational axis of the gan-
try and consists of 320 rows of 0.5-mm-thick elements.
Each detector row consists of 896 elements, which are
read out 900 to 3,600 times per rotation, depending on
the gantry revolution time. Revolution times can be
varied between 350 ms to 3 s for 360° data acquisition.
A maximum of 320 slices or 640 slices with 50% overlap
can be acquired with each gantry rotation.

; 64-slice CT

Cone angle: 3.05°

a b

The cone-beam angle of 15.2° is a function of the de-
tector width and the tube focus-to-detector distance as
compared with an angle of 3.05° for 64-detector-row CT
scanners of the same series (Fig. 2.1). The source data
is reconstructed using an exact cone-beam algorithm,
which nearly eliminates all artifacts (Fig. 2.2), typically
degrading cone-beam CT (ENDO et al. 2006). The geo-
metric configuration of the scan area resulting from the
geometry of the X-ray beam when scanning with a sta-
tionary table results in images with masked data as seen
in the coronal plan (Fig. 2.1c). The missing image data
(truncation) could theoretically be reconstructed from
the raw data (ANoorP et al. 2007; LENG et al. 2005), but
the computation power necessary to do so exceeds the
capacity of current generation computers.

Four-scanning modes, which can be freely com-
bined in one examination, are available on the 320-de-
tector-row CT scanner.

2.2.1
Helical Scan Mode

Helical scanning is performed as with conventional
64-detector-row CT. The images generated during
one examination are displayed on the monitor in the
form of preliminary reconstructions in real time. In a
second computational step, the image data is recon-
structed as a volume data set with variable slice thick-

320-slice CT
Cone angle: 15.2°

Fig. 2.1a-c. Diagram of the typical cone angle of the X-ray beam in 64-detector-row CT (a). The 16-cm detector width (along
the rotational axis of the gantry) results in a 16° cone angle in dynamic volume CT (b) and a rhomboid shape of the image

data (c)
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Fig.2.2a,b. Primary reconstruction without correction yields images with cone-beam artifacts seen as horizontal dark lines (a).
Correction nearly completely eliminates the artifacts (b). The correction has no impact on low-contrast resolution

ness (0.5-10 mm). MPRs at any slice thickness can be
automatically generated in all three planes and, depend-
ing on the protocol used, automatically sent to up to 20
target computers or archives. Once image reconstruc-
tion has been completed, all image data is immediately
available on a second console for further processing.
The scanner can also be operated in a 32-, 16- and
4-detector-row mode, in which case only the respective
number of rows is exposed to the X-ray beam.

2.2.2
Wide Volume (Stitching) Scan Mode

In wide volume scan mode, the number of detector
rows used is automatically adjusted, depending on the
coverage required for the target anatomy.

Wide volume coverage is achieved by sequentially
moving the table and stitching together the acquired
scans (Fig. 2.3). The table length of 2 m defines the
maximum scan length. The time required for shifting
the table between scans amounts to 1.4 s. The overlap
necessary between two consecutive scans is automati-
cally calculated while planning the examination. The
typical scan overlap is 17% and depends on the scan
field, which in most cases is determined by the diameter
of the patient.

The software automatically generates a single un-

interrupted volume data set allowing for three-dimen-
sional postprocessing, identical to a single-scan acqui-
sition. Patient movement during the scan may cause
visible stair-step artifacts or contour disruptions at the
stitched positions. In helical scanning, the same patient
movement should present as a wide spread motion

blur.

2.2.3
Dynamic Volume Scan Mode

Dynamic volume scanning provides volumetric imag-
ing over time with a scan range of up to 16 cm, offering
functional analysis of entire organs. As there is no table
movement during scanning, each individual volume
demonstrates just one instance in time.

Dynamic scanning can be performed as a continu-
ous acquisition with uninterrupted radiation exposure
or as an intermittent series with variable intervals rang-
ing from 0.5 to 30 s between acquisitions. Additionally,
as a low-dose technique is preferable, several rotations
can be combined to generate one time-averaged ac-
quisition to reduce noise and improve image quality.
The rotation time, tube current, and voltage can be
set individually for each acquisition, and it is possible
to switch from continuous to intermittent acquisition
and vice versa.
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Fig. 2.3. Diagram of the wide volume-stitching mode. A large continuous volume is covered by sequential acquisition of indi-

vidual shots. The thorax is usually covered with three shots, which are joined to form a seamless image

2.2.4
Electrocardiographic-Triggering/-Gating
(Prospective, Retrospective)

Scan Modes

When an electrocardiogram (ECG) is recorded dur-
ing scanning, cardiac imaging can be performed with
both prospective triggering and retrospective gating,
although with volumetric imaging there is no strict

separation between both modes. As the start and end of
the exposure is controlled by the ECG signal, the scan
is always “triggered,” and the phase of reconstruction is
retrospectively selected from the available acquisition
window. If the window is limited to a single rotation at a
predefined point in time within the R-R interval (short-
est scan time, minimal radiation exposure), then the
scan technique is comparable to prospectively triggered
64-detector-row CT, but with complete coverage of the

Fig. 2.4. Cardiac CT (heart rate of 61 beats per minute). Prospective triggering at 75% of a single R-R interval
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heart (Fig. 2.4). A scan window extending over the en-
tire R-R interval enables retrospective reconstruction
over all cardiac phases, which in turn allows dynamic
display of cardiac motion for calculating ejection frac-
tion and myocardial motility. Tube current modulation
can be used to reduce the dose to approximately 20%
for the cardiac phases needed for ejection fraction cal-
culation, with the full exposure used only for coronary
artery imaging (Fig. 2.5).

The minimum temporal resolution for a prospec-
tive single shot scan is 175 ms and is associated with
a radiation dose of 2-4 mSv, depending on the para-
meter settings used. When two serial single shots are
combined, the effective temporal resolution is reduced
to 87 ms as a result of segmentation during image re-
construction (Fig. 2.6), while the radiation dose is dou-
bled (4-8 mSv). Technically, up to five segments can be
combined, resulting in an effective minimum temporal
resolution of 35 ms.

The reconstruction filters (kernels) are the same for
all four-scan modes, leading to a uniform image ap-
pearance when different modes are combined. All im-
age data can be automatically or retrospectively sent to
different network nodes (PCs, workstations, archives)
in the conventional DICOM format; the new enhanced-

CT DICOM format is also available, which is faster and
requires less storage capacity.

The low-contrast and high-contrast resolution
of the 320-detector-row CT does not differ from the
conventional 64-detector-row CT scan from the same
manufacturer. Phantom measurements demonstrated
a low-contrast resolution of 2 mm at 0.3% Hounsfield
unit (HU) difference and a high-contrast resolution of
0.35 mm.

Clinical Use

Implementation of the complete functionality of 64-de-
tector capabilities in the 320-detector-row system en-
ables use of all whole-body CT protocols and applica-
tions developed for 64-detector-row scanners. The wide
volume-stitching mode is slightly faster than the helical
technique is and likewise, requires no special training
since the integrated software automatically joins the
individual volumes and adjusts the effective detector
width.

Fig. 2.5. Overview of the acquisition options available in the ECG-gated acquisition mode
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Fig. 2.6.a,b Three-dimensional reconstruction of a heart acquired with two prospective exposures (two-beat acquisition).
a Reconstruction from the first beat, b from both beats with segmentation. Note the improved detail visualization achieved with

segmentation (effective temporal resolution: 87 ms)

Gated imaging without table movement requires a
new way of thinking in terms of protocol selection. The
smooth transition between prospective triggering and
retrospective reconstruction offers the user complete
freedom in tailoring the scan to the clinical question.
For each patient, the protocol is optimized balancing
the required cardiac phases, temporal resolution, and
the radiation dose. Patient comfort is also increased due
to the very short breath hold times and no distracting
table movement.

Patient motion during a CT scan is a common oc-
currence that is easily identifiable with wide volume
scan mode. The resulting geometrical and anatomi-
cal differences that may occur between two individual
scans are noticeable as abrupt contour shifts. During
the infusion of an intravenous contrast agent, there will
be visible attenuation differences, e.g., in vessels, due to
the time delay between acquisitions. In principle, such
differences also occur in helical CT; however, the dif-
ferences in attenuation are “blurred” over a larger area
and are therefore less conspicuous than are the abrupt
differences seen at the interface between two images
joined in the stitching mode.

The experience available so far suggests that the he-
lical mode on the 320-detector-row scanner does not
differ from conventional 64-detector-row CT scanners

in terms of contrast medium usage, scan delay, patient
preparation, image quality, and radiation exposure.
Differences between the helical and wide volume scan
modes appear to have no clinical relevance for general
applications or CT angiography, except for the above-
mentioned differences in the effects of patient move-
ment and heterogeneous vascular opacification.

The dynamic display of motion and perfusion is a
new application, which is enabled by the continuous
or repeat acquisition of the target volume without ta-
ble feed. The 16-cm detector width allows coverage of
several organs including the pancreas, orthotopically
located kidneys, the neck, the brain, and above all, the
heart. When devising scan protocols for dynamic im-
aging, great care must be taken to minimize radiation
exposure.

The short examination time with a single volume
rotation scan offers important clinical advantages when
examining newborns and infants. No sedation was
needed in the 21 patients (ranging in age from 3 days to
6.7 years) we have examined so far. Even when the pa-
tients were restless, motion artifacts did not degrade the
images. Alternatively, ventilation can be interrupted for
just 1 s in critically ventilated infants. The display of a
short cartoon in the integrated gantry monitor has also
turned out to be a pleasant distraction for children.
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Role of Dynamic Volume CT

After the advent of the first helical multi-detector-row
CT scanner, manufacturers soon began a race for even
more detectors. Following an initial controversy about
the most suitable type of detector for 4-detector-row
CT—adaptive width (asymmetrical detector) versus
detectors with identically sized elements—all manufac-
turers finally adopted the detector configuration with
symmetrically arranged elements of identical size. A
confusing factor in the race for the most rows was that
doubling of projections using a moving focus of the X-
ray source led to an apparent doubling of the number
of rows, although the number of slices that could be re-
constructed per rotation was that of the actual number
of detector rows available. Clinically, this technology
offers no real-world benefit in terms of scan speed com-
pared with CT systems with a greater number of detec-
tor rows. The 320-detector-row CT scanner represents
the current pinnacle in the nominal number of slices
that can be scanned per gantry rotation.

The increase in effective detector width is associated
with a proportionate increase in the effect of over rang-
ing in the helical scan mode, and therefore, increased
proportion of the overall radiation exposure from the
first and last half rotation that does not contribute to
image reconstruction. This effect is more significant
when smaller volumes are imaged, e.g., when examin-
ing children, where this effect may account for up to
50% of the overall dose. The only effective means to
reduce this excess radiation is the use of an active colli-
mator in front of the X-ray tube, which is commercially
available.

Over ranging can be avoided altogether by acqui-
sition of a series of individual images instead of using
the helical mode. However, to scan a large volume in
roughly the same time as with multi-detector-row he-
lical CT, the detector must be wide enough to cover
the target anatomy with a minimum of steps. On the
320-detector-row CT scanner, three to five acquisitions
are typically required to scan the chest or abdomen,
while the heart can be imaged with a single rotation
without table feed.

A substantial increase in patient dose results from
helical acquisition in cardiac CT. Regardless of the num-
ber of X-ray tubes, the table feed must be sufficiently
slow such that projection data of 180° gantry rotation
are available for image reconstruction at all points in
time and space even in patients with variable heart rate.
Though radiation exposure can be markedly reduced

by tube current modulation and use of a smaller safety
window for variable heart rates, the principle of over-
lapping data acquisition in helical scanning and the en-
suing higher radiation exposure remain. Use of a detec-
tor that is wide enough for whole-heart coverage makes
helical scanning superfluous and can reduce radiation
exposure by up to 80%. The same reduction in radiation
exposure can be achieved by a “step-and-shoot” acqui-
sition with narrower detectors and initial clinical results
are already available (HsIEH et al. 2006).

A novel application of the 320-detector-row CT is
the ability of dynamically scanning an organ or an or-
gan group over time without table feed. However, the
principle of dynamic CT is not new since nearly all CT
scanners enable dynamic perfusion imaging of stroke
patients. Moreover, the perfusion of many organs (e.g.,
focal liver lesions) and tissues after radiotherapy has
been analyzed by means of dynamic CT. One of the rea-
sons why CT is so popular for perfusion studies is that
there is a linear relationship between the concentration
of contrast medium in a tissue and the resulting CT at-
tenuation, which enables use of simple perfusion mod-
els. The detector widths, those were available before
the advent of 320-detector-row CT presented a major
obstacle to whole-organ coverage. While the so-called
joggle-scan technique (back-and-forth table movement
during scanning) provides coverage of the target anat-
omy over an extended period, the temporal distribution
is heterogeneous and precludes uniform temporal dis-
play of perfusion.

An important issue in perfusion imaging is to ob-
tain diagnostic information with a reasonable radiation
exposure, which increases with the number of scans ac-
quired. Only strict use of low-dose techniques (e.g., 80
kV with a dramatically reduced mA) will restrict radia-
tion exposure to the scope of a conventional diagnostic
CT examination.

Dynamic volume CT is another milestone in the
development of CT technology. The wider detector
will directly impact many clinical applications and has
the potential to dramatically reduce radiation expo-
sure. Dynamic scanning of organs and organ regions
and postprocessing evaluation of the data open up new
clinical applications and pose new challenges to pro-
grammers and radiologists alike. What remains to be
determined is how the display of function and the cal-
culation of organ and tumor perfusion with powerful
computers will actually translate into clinical benefits
for the patient.
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ABSTRACT

Three-dimensional (3D) C-arm computed tomog-
raphy is a new and innovative imaging technique.
It uses two-dimensional (2D) X-ray projections
acquired with a flat-panel detector C-arm angiog-
raphy system to generate CT-like images. To this
end, the C-arm system performs a sweep around
the patient, acquiring up to several hundred 2D
views. They serve as input for 3D cone-beam re-
construction. Resulting voxel data sets can be vi-
sualized either as cross-sectional images or as 3D
data sets using different volume rendering tech-
niques. Initially targeted at 3D high-contrast neu-
rovascular applications, 3D C-arm imaging has
been continuously improved over the years and is
now capable of providing CT-like soft-tissue im-
age quality. In combination with 2D fluoroscopic
or radiographic imaging, information provided
by 3D C-arm imaging can be valuable for therapy
planning, guidance, and outcome assessment all in
the interventional suite.
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Introduction

Three-dimensional (3D) C-arm computed tomogra-
phy is a new and innovative imaging technique. Also
referred to as C-arm CT, it uses two-dimensional (2D)
X-ray projection data acquired with flat-panel detector
C-arm angiography systems to generate CT-like images
(SAINT-FELIX et al. 1994; KoppE et al. 1995; FAHRIG
et al. 1997; BANI-HASHEMI et al. 1998; JAFFRAY and
SIEWERDSEN 2000; GROH et al. 2002; ZELLERHOFF et
al. 2005; RITTER et al. 2007; KALENDER and KYRIAKU
2007). To obtain 2D radiographic projection data, the
C-arm performs a sweep around the patient, e.g., over
200°. Up to several hundred images are acquired de-
pending on the acquisition protocol selected. Recon-
struction of three-dimensional voxel data sets from 2D
raw projection data is performed using a 3D cone-beam
reconstruction algorithm. Resulting voxel data sets can
be visualized either as cross-sectional images or as 3D
data sets using different volume rendering techniques.

Initially targeted at neuroendovascular imaging of
contrast-enhanced vascular structures, 3D C-arm im-
aging has been continuously improved over the years.
It is now capable of providing CT-like soft-tissue image
quality directly in the interventional radiology suite.
Beyond their use for trans-arterial catheter procedures,
these 3D data sets are also valuable for guidance and
optimization of percutaneous treatments such as liver
tumor ablations. In combination with 2D fluoroscopic
or radiographic imaging, information provided by 3D
C-arm imaging can be very valuable for therapy plan-
ning, guidance, and outcome assessment-in particular
for complicated interventions (MISSLER et al. 2000;
ANXIONNAT et al. 2001; HERAN 2006; MEYER et al.
2007; WALLACE et al. 2007).

C-arm CT requires state-of-the-art C-arm systems
equipped with flat-panel detector (FD) devices. It is
commercially available from various vendors, e.g., mar-
keted as syngo DynaCT (Siemens AG, Healthcare Sec-
tor, Forchheim, Germany), XperCT (Philips Healthcare,
Andover, MA), or Innova CT (GE Healthcare, Chalfont
St. Giles, UK).

The goal of this book chapter is to provide an over-
view of how 3D C-arm imaging works and for what it
can be used. To this end, we focus on important C-arm
system components first. Then we explain how X-ray
input images are acquired and take a look at the re-
sulting patient dose. In the next step, we cover three-
dimensional image reconstruction and the correction
methods needed to obtain low-contrast 3D results with
CT-like image quality. After we explained how C-arm

CT images are generated, we analyze them in terms
of spatial resolution and contrast resolution. In the
remainder of this chapter, we look at clinical imaging
results and C-arm CT applications including instru-
ment guidance.

Technology of C-Arm CT Systems

3.2.1
C-Arm System Components

3.2.11
X-Ray Beam Generation and Exposure Control

The X-ray tube, X-ray generator, and X-ray control sys-
tem are crucial components of any C-arm imaging sys-
tem. They determine tube voltage, tube current, and ir-
radiation time, respectively. These exposure parameters
are essential for X-ray imaging, since contrast-detail
perceptibility and dose depend on them.

Better contrast visibility, in particular of iodine, is
the main reason why angiographic C-arm systems usu-
ally operate at lower tube voltages than CT scanners.
Since decreasing tube voltage can lead to an increase in
image noise, the question arises if better low contrast
visibility at lower tube voltages can compensate for
higher noise or not. Recent studies not only support this
hypothesis, but they also indicate that there is great po-
tential for dose reduction by scanning with lower tube
voltages (McCoLLOUGH 2005; NAKAYAMA et al. 2005).

The requirement to obtain high 2D image quality
for fluoroscopic and radiographic imaging led to C-
arm systems equipped with automatic exposure control
(AEC). The use of AEC turns out to be extremely ben-
eficial for C-arm CT imaging as well. In fact, it is very
similar to attenuation-based tube current modulation
used in CT. Tube current modulation can either im-
prove image quality through noise reduction at a given
dose, or it can reduce radiation exposure without im-
pairing image quality (GIEs et al. 1999; KALENDER et
al. 1999).

3.2.1.2
Flat-Panel Detector Technology

Until the 1990s, C-arm systems for real-time angio-
graphic imaging used to rely on X-ray image intensi-
fiers (XRIIs). Although optimized over decades, this
technology has a number of inherent disadvantages that
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limit its utility for low-contrast C-arm CT imaging. For
example, the convex input screen of XRIIs results in a
non-homogeneous image quality across the output im-
age. In addition, scatter processes of light and electrons
within the image intensifier limit the coarse contrast
resolution. This effect is also known as veiling glare
(RowLANDS and YORKSTON 2000). Yet another critical
point with large image intensifier formats is patient ac-
cess as well as the flexibility during angulation due to
the large size of XRIIs.

Flat detectors, on the other hand, either avoid or at
least reduce some of the major disadvantages of image
intensifiers (GRANFORS et al. 2001; BRuIjNS et al. 2002;
Bussk et al. 2002; CHOQUETTE et al. 2001; COLBETH et
al. 2001). The most important technical advantages of
flat detectors are:
® Homogeneous image quality across the entire image

area resulting in distortion-free images and posi-

tion-independent spatial resolution.

® High ‘low-contrast resolution, i.e., good 2D soft-
tissue imaging performance.

® High detective quantum efficiency (DQE) across all
dose levels, in particular for Csl/aSi-based flat de-
tectors.

® High dynamic range at all dose levels from fluoros-
copy to digital subtraction angiography (DSA) fa-
cilitated by A/D converters with 14 bits.

¢ Tightly enclosed square or rectangular active imag-
ing areas offering improved patient access.

The most widely used flat detector (FD) design is based
on a two-level, indirect conversion process of X-rays
to light (GRANFORs et al. 2001; ANTONUK et al. 1997;
SPAHN et al. 2000; YAMAZAKI et al. 2004; DUCOURANT
et al. 2003). In the first step, the X-ray quantum is ab-
sorbed by a fluorescence scintillator screen, e.g., a ce-
sium iodide (Csl) substrate, converting it into visible
light. In the second step, this light is received by a pho-
todiode array, e.g., based on amorphous silicon (a-Si),
and converted into electrical charge.

Besides good intrinsic X-ray absorption properties
of the material itself, scintillator thickness is an im-
portant design parameter for X-ray detectors. A larger
scintillator thickness improves the energy absorption
efficiency and therefore the X-ray sensitivity of the de-
tector. Unfortunately, it also reduces the spatial resolu-
tion due to optical diffusion blur. Thus, an optimum has
to be found between X-ray sensitivity and spatial reso-
lution. This is where CsI's columnar, needle-like micro-
scopic crystalline structure provides a particular advan-
tage. By limiting lateral optical light spread, CsI enables
high spatial resolution at a larger phosphor thickness
and, hence, increased X-ray sensitivity. As a result, CsI

is the scintillator material of choice for high-resolution
X-ray applications at low dose levels. A typical value of
the effective Csl scintillator thickness for FDs used in
today’s C-arm systems is around 500 pm.

A schematic view of an indirect converting flat de-
tector based on Csl is presented in Fig. 3.1. An indi-
vidual pixel is shown in detail, comprising a large pho-
todiode and a small thin-film transistor (TFT). Pixel
readout is initiated when the TFT is switched on. This
causes the charge to flow to dedicated low-noise read-
out electronics, where it is amplified and subsequently
converted into a digital signal.

Flat detector technology is subject to further de-
velopment and continuous improvement. Miniatur-
ized electronics will allow for even thinner and lighter
detectors required for mobile or portable applications.
Higher bit depths of 16 bits or even 18 bits will improve
C-arm CT image quality, allowing it to further approach
the low-contrast resolution of multi-slice computed to-
mography (MSCT).

3.2.1.3
C-Arm Gantries

An angiography device for 3D C-arm imaging com-
prises a stand and a C-arm to which the detector, X-ray
tube, and collimator are attached. The C-arm keeps the
X-ray tube, collimator, and flat-panel detector exactly
aligned under varying view angles. Thanks to an open
design maximizing the number of degrees of freedom

X-ray radiation

Cesium iodide (Csl)

Readout
electronics

Driver electronics

Photo diode Pixel

Fig. 3.1. Schematic view of an indirect converting flat detector
based on CsI and an amorphous silicon active readout matrix,
including driver and readout electronics. An individual pixel
is shown in detail. It comprises a large photodiode and a small
thin-film transistor (TFT)
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for movements while minimizing the required space for
the gantry itself, C-arm systems achieve high position-
ing flexibility and provide excellent patient access. As a
result, C-arm systems are in use for interventional radi-
ology, neuroradiology, cardiology, as well as for surgical
applications.

In some cases, such as ceiling-mounted C-arm sys-
tems, the whole gantry can be rotated and translated
to increase patient coverage and access. This traditional
gantry design, shown in Fig. 3.2a, involves a mechani-
cally fixed center of rotation commonly referred to as
the isocenter. To further increase positioning flexibility,
anew type of multi-axis C-arm system has recently been
introduced (Artis zeego, Siemens AG, Healthcare Sec-
tor, Forchheim, Germany). Illustrated in Fig. 3.2b, this
system involves a robotic stand moving a light-weight
C-arm. Since the multi-axis stand facilitates greater
flexibility, more accurate, faster movements, and better
patient coverage, such systems are especially well suited
for minimally invasive procedures and surgery.

3.2.2
C-Arm CT Image Acquisition and Dose

Although C-arm CT data acquisition is increasingly au-
tomated for ease of use, the following steps are usually
involved. First, the patient needs to be optimally posi-
tioned such that the region of interest is visible in all

Fig. 3.2a,b. C-arm gantries: An Artis zee ceiling-mounted
C-arm (a) is shown on the left, while the Artis zeego (b) is
depicted on the right (both Siemens AG, Healthcare Sector,
Forchheim, Germany). The C-arm keeps the detector (posi-

X-ray views acquired during a spin around the patient.
With the patient properly placed, the C-arm is initially
driven into a position, which will be the scan end posi-
tion. Then a safety run is performed during which the
C-arm is slowly moved into the actual C-arm CT start
position. This safety run is required to rule out collision
during the actual scan. After the C-arm has reached its
start position, a short fluoroscopic X-ray pulse is ap-
plied to initialize the automatic exposure control. At
this point, the system is ready to begin a 3D run during
which the C-arm rotates from the start position into its
end position. Raw data acquisition is performed by acti-
vating a dead-man switch. The rotational scan is stopped
at once if the switch is released to prevent accidental X-
ray exposure. On state-of-the-art C-arm CT systems,
such as the Artis zee family (Siemens AG, Healthcare
Sector, Forchheim, Germany), raw data acquisition and
3D reconstruction can be faster than 1 min depending
on the scan protocol chosen.

Since C-arm CT is usually performed in an inter-
ventional setting, intra-arterial access is typically avail-
able. As a consequence, selective intra-arterial contrast
injections can be used to enhance vessels as well as cor-
responding tissue regions during C-arm CT data ac-
quisition.

X-ray input projections for C-arm CT can either be
taken subtracted or native. Subtracted data acquisition
involves a mask run without and a fill run after injection
of contrast agent. Native data acquisition, on the other

tioned on top) exactly aligned with collimator and X-ray source
(bottom-mounted). Detector and collimator rotate in synchro-
nization as shown in (b). The X-ray source is built into the
C-arm below the collimator
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hand, involves only one set of input projections-often
taken without (but conceivably also with) contrast.

C-arm CT systems with automatic exposure control
(AEC) adjust X-ray exposure parameters such that the
detector entrance dose remains constant. Detector en-
trance dose is the X-ray dose measured behind the an-
tiscatter grid. System dose is the detector entrance dose
evaluated at a reference detector zoom format. System
dose is an important set-up parameter for C-arm CT
imaging protocols on Artis zee systems (Siemens AG,
Healthcare Sector, Forchheim, Germany). Due to inter-
nal adjustments, the detector entrance dose for C-arm
CT is about half the system dose.

One way to monitor and report dose is to rely on
an index such as the CT dose index (CTDI). A recent
study investigating weighted CTDI (CTD]I,) and image
quality for C-arm CT of the head demonstrated that
the weighted CT dose index was within accepted limits
(FAHRIG et al. 2006). Besides CTD], the dose to the pa-
tient may also be quantified in terms of effective dose.
For this purpose, anthropomorphic phantoms with em-
bedded thermoluminescence detectors (TLDs) are used
(BALTER et al. 2005). These phantoms have realistic
body sizes and absorption values. Once the TLDs have
been placed at selected positions inside a phantom, e.g.,
an Alderson phantom (Alderson Research Laboratories
Inc., Long Island City, NY), it can be scanned using a
particular C-arm CT examination protocol. The dose
applied to single organs is derived by weighted summa-
tion of the individual TLD dose recordings. Effective
dose is quantified in mSv instead of mGy. The world-
wide average background dose for a human being is
about 2.4 mSv per year (UNSCEAR 2000).

Although technical constraints and clinical require-
ments make it a non-trivial task to establish a practical
set of clinical C-arm CT scan protocols, application-
specific techniques can be established. This requires a
careful choice of imaging parameters such as system
dose, scan time, and pixel binning at the detector. Pixel
binning means that the outputs of neighboring detec-
tor pixels are combined into one reading. For example,
2 x 2 binning implies that a total of four neighboring
detector pixels that are adjacent in the horizontal and
vertical direction, respectively, are taken together. Pixel
binning determines spatial resolution, because it con-
trols effective pixel size. The detector frame rate de-
pends on pixel binning as well, because the amount of
data is proportional to the number of pixels.

For C-arm CT data acquisition using an Artis zee
system (Siemens AG, Healthcare Sector, Forchheim,
Germany), the FD is mostly operated either in a 2x2
binning mode or in a 4 x 4 binning mode. For 2 x 2 bin-
ning, usually used for 3D C-arm imaging in the head,

we get a detector frame rate of 30 frames per second
(fs™). In case of 4x4 binning, the frame rate increases
to 60 fs™'. The 4 x 4 binning mode is a clinically accepted
setting for soft-tissue imaging in the abdomen, because
it facilitates acquisition of a higher number of X-ray
views in a shorter scan time.

Two sets of C-arm CT scan parameters and effective
dose are presented below for Artis zee systems (Sie-
mens AG, Healthcare Sector, Forchheim, Germany).
They include mean effective dose values for the head
and liver regions determined using a normal-size, male
Alderson phantom with embedded TLDs. Since effec-
tive dose depends on phantom positioning and size,
however, measurement outcomes may vary. This is why
great care was taken to position the phantom identi-
cally for all experiments to obtain comparable results.

In Table 3.1, we summarize common high-contrast
C-arm CT scan protocols and the resulting effective
doses. These scan protocols are often used for sub-
tracted runs involving injection of contrast agent to
image vascular malformations such as aneurysms, arte-
riovenous malformations (AVMs), and stenoses. Tumor
feeders can be visualized this way as well. Subtracted
data acquisition is indicated in Table 3.1 by using a plus
sign for the number of frames acquired. For 3D C-arm
imaging where motion can be an issue, e.g., in the body,
non-subtracted runs are usually the method of choice.
Interventional imaging applications in the body that can
benefit from C-arm CT include abdominal aortic aneu-
rysms (AAAs), transjugular intrahepatic portosystemic
shunts (TIPSs), non-vascular therapies, e.g., biliary duct
treatments and tumors. The effective body dose stated
in Table 3.1 was determined inside the liver region of an
Alderson phantom using TLDs.

Table 3.2 lists two often-used scan parameter sets to-
gether with the resulting effective dose for low-contrast
C-arm CT imaging in the head (therapy control, com-
plication management) and in the body, e.g., for liver
tumor treatment. Effective dose in the body was mea-
sured inside the liver region of an Alderson phantom
using TLDs. A comprehensive list of C-arm CT scan
protocols, including proper 3D reconstruction param-
eter settings for Artis zee systems (Siemens AG, Health-
care Sector, Forchheim, Germany), can be found in an
application protocol book for these systems (MOORE
and Roum 2006).

Various adult effective doses for CT scans have been
reported in the literature. For example, BECKER et al.
(1998) obtained an effective dose of 6 mSv for a spi-
ral scan of the abdomen. In a comprehensive review,
McCo1LoUGH and SCHUELER (2000) provide an effec-
tive dose between 1.9 mSv and 2.6 mSv for a (male) CT
head scan and 7.3 mSv to 7.8 mSv for a (male) CT abdo-
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Table 3.1. Common high-contrast C-arm CT scan protocols for Artis zee C-arm systems (Siemens AG, Healthcare Sector,

Forchheim, Germany) and the resulting effective doses

Clinical application

System dose

Head: vascular malformations, e.g., 0.36 5
aneurysms, AVMs, stenoses, and tumor

feeders

Body: AAA, TIPS, non-vascular therapies  0.36 5

(e.g., biliary duct), and tumor feeders

Scan time
(uGy/view) ©)

Binning C-arm CT dose
(mSv)

2x2 133 + 133 0.3

2x2 133 1.5

Table 3.2. Common low-contrast C-arm CT scan protocols for Artis zee C-arm systems (Siemens AG, Healthcare Sector, Forch-

heim, Germany) and the resulting effective doses

Clinical application

System dose

(uGy/view)
Head: therapy control, complication 1.20 20
management
Body: liver tumor treatment 0.36 8

men scan, respectively. Comparing these values to the
entries in Table 3.1 and Table 3.2, we see that high-con-
trast C-arm CT scan protocols result in a significantly
lower dose to a patient, while the effective dose for a
low-contrast C-arm CT examination appears similar to
what is applied in regular CT scans.

3.23
C-Arm CT and Image Quality

3.2.3.1
Cone-Beam
Reconstruction Algorithm

If C-arm systems can rotate around a patient along a
sufficiently large angular scan range, then it is possible
to use the acquired X-ray projections for tomographic
image reconstruction. Usually a minimum angular scan
range of 180° plus the so-called fan-angle is required
(Kak and SLANEY 1999). For typical C-arm CT devices,
this results in an angular scan range requirement of at
least 200°.

In 1984, FELDKAMP et al. (1984) suggested a 3D re-
construction algorithm that has become the de-facto
standard for 3D C-arm imaging. Originally designed

Scan time (s) Binning No. frames C-arm CT dose
(mSv)
2x2 496 2
4 x4 397 5

for a 360° scan along a perfectly circular trajectory,
some modifications are, however, required before it can
successfully process X-ray projections acquired along a
C-arm CT scan trajectory. For example, a data weight-
ing scheme is needed to compensate for the fact that
during a partial circle scan some data are taken once,
while other measurements are observed twice (PARKER
1982). In addition, a method may be needed with which
to account for a C-arm system’s irregular yet reproduc-
ible scan trajectory (ROUGEE et al. 1993; NavAB et al.
1996; NAVAB et al. 1998; WIESENT et al. 2000).

Although predominately used for stationary objects,
C-arm CT can also be applied to quasi-stationary 3D
reconstruction problems, such as imaging the moving
heart. To this end, the C-arm system performs mul-
tiple runs around the patient while the ECG signal is
monitored. A continuous injection of contrast media is
necessary to enhance the heart throughout data acquisi-
tion. The raw data obtained over the multiple runs can
be resorted for a particular phase of the cardiac cycle
using retrospective ECG gating. Since resorting of the
acquired 2D X-ray views yields a valid input data set
associated with the heart ‘frozen’ at a selected cardiac
cycle, a standard C-arm CT reconstruction algorithm
can be applied (LAURITSCH et al. 2006; PRUEMMER et
al. 2007).
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Sophisticated correction techniques are needed to
obtain C-arm CT results with good low-contrast vis-
ibility. They are explained below. We start with overex-
posure correction, then turn to scatter correction, and
next look into beam-hardening correction. After that,
we briefly visit truncation correction and finish up with
ring correction.

3.2.3.2
Overexposure Correction

While the dynamic range provided by 14-bit A/D con-
verters of state-of-the-art flat-panel detectors is usu-
ally sufficient for conventional 2D fluoroscopic or ra-
diographic imaging, it may not be high enough to rule
out overexposure in all projections acquired during a
C-arm CT scan. In this case, an object is X-rayed from
many orientations. As a result, strong direct radiation
may hit certain detector regions in some views and
overexpose them.

Three-dimensional reconstruction from overex-
posed projections may result in incorrect density val-
ues and also produce a capping artifact. This means that
gray values of a homogeneous object get increasingly
smaller the further they are away from the object center.
Since a capping artifact can impair the display of low-
contrast objects, an overexposure correction is needed.
It is applied to saturated image areas only. By correct-
ing for overexposure, one may be able to obtain results
without any apparent capping artifact.

3.2.3.3
Scatter Correction

Once overexposed image areas have been processed,
scatter correction can be performed. Scattered X-ray
quanta are photons that were deflected from their
straight (primary) direction. They are detected at posi-
tions away from where a straight primary ray would hit
the detector. As a result, the primary intensity distribu-
tion for tomographic reconstruction is impaired by a
secondary distribution due to scattered radiation.

With single-row detectors of third generation CT
scanners, scatter is almost negligible, because the ir-
radiated patient volume is reduced to a small slice by
collimation near the X-ray source. However, when
working with flat-panel detectors, the collimator at
the X-ray source is usually opened much more widely,
and a considerable amount of scattered radiation may
be produced. It can reach a multiple of the primary in-
tensity in case of abdominal X-ray projections and up

to the order of magnitude of the primary intensity in

head images (AICHINGER et al. 2004; SIEWERDSEN and

JAFFRAY 2001).

The impact of scatter on image quality is determined
by the scatter-to-primary intensity ratio (SPR) at every
detector pixel. Effective SPR reduction of up to about
a factor of five can be obtained with anti-scatter grids
(Kyriakou and KALENDER 2007). Unfortunately, even
with an anti-scatter grid, scatter can still degrade image
quality after tomographic reconstruction. Typical image
quality problems caused by scatter are:
® Smooth gray value deviations within homogenous

regions (cupping).

e Streaks, bars, or shadows in soft tissue regions, es-
pecially in the vicinity and between high contrast
objects such as bones.

e Reduction of contrast differences in soft tissue re-
gions.

¢ Increase of noise.

The appearance of cupping and shadowing artifacts due
to scatter can be very similar to those created by beam
hardening (RUEHRNsCHOPF and KALENDER 1981).
Contrary to beam hardening, however, a decrease in
differential contrast and an increase in noise are typical
consequences of scatter.

Efficient scatter suppression and additional correc-
tion procedures are essential for C-arm CT to achieve
CT-like image quality. A variety of scatter correction
approaches exist. They comprise measurement tech-
niques, software models, and hybrid approaches (NING
et al. 2002; SIEWERDSEN et al. 2006; ZHU et al. 2008).
Since measurement techniques require additional hard-
ware, software approaches are often preferable. Fast and
efficient algorithms are available that operate directly
on the projection images acquired (ZELLERHOFF et
al. 2005; RINKEL et al. 2007). Iterative approaches ap-
pear promising to obtain further improvements beyond
state-of-the art scatter correction methods (KyrRiakou
et al. 2006).

The impact of scatter correction can be appreciated
by looking at Fig. 3.3. As part of an overview
illustrating the effect of C-arm CT correction methods
provided by syngo DynaCT (Siemens AG, Healthcare
Sector, Forchheim, Germany), we show an abdominal
cross-section reconstructed without applying scatter
correction in Fig. 3.3a. This data set suffers from
a considerable cupping artifact. A reference result
obtained after applying all correction steps is displayed
in Fig. 3.3d. A comparison between Fig. 3.3a and Fig.
3.3d demonstrates that the cupping artifact due to
scatter could be removed.
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Fig. 3.3a-d. C-arm CT data sets computed using syngo Dy-
naCT based on 2D X-ray projections acquired on an AXIOM
Artis dTA system (both Siemens AG, Healthcare Sector, Forch-
heim, Germany) with correction techniques turned off/on. An
axial abdominal slice without scatter correction is shown in (a).
The same image reconstructed without truncation correction is

3.23.4
Beam Hardening Correction

After dealing with overexposure and scatter removal, 2D
projections can be corrected for beam hardening. X-ray
tubes emit photons with different energies. Low-energy
photons are absorbed and attenuated more strongly by
matter than higher energy photons. As a consequence,

depicted in (b). Another result obtained without ring correc-
tion can be found in (c), and a reference section involving all
correction steps is demonstrated in (d) (images courtesy of Dr.
Loose and Dr. Adamus, Department of Radiology, Klinikum
Nuremberg Nord, Germany)

the mean energy of an X-ray beam’s poly-energetic
spectrum gets increasingly higher (harder) the further
X-rays penetrate into an attenuating object. This physi-
cal effect is commonly referred to as beam hardening
(BARRETT and SWINDELL 1981; Hstex 2003).

Because of beam hardening, the linear relationship
between attenuation value and object thickness no lon-
ger applies. As a result, attenuation values towards the
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center of a large object may be underestimated, causing
a cupping artifact. This means that density values for a
homogeneous object get increasingly larger away from
the center. In case of inhomogeneous objects, composed
of tissue and bone, beam-hardening artifacts may also
show up as streak artifacts between highly attenuating
components, e.g., between bony structures surrounded
by soft tissue.

The reduction of the two types of beam hardening
artifacts requires two different correction approaches.
The cupping artifact can be compensated by restor-
ing a linear relationship between attenuation value and
path length through an assumed water-equivalent ob-
ject. This correction step, applied before carrying out
any 3D reconstruction, is usually called ‘water correc-
tion” On the other hand, to reduce streak artifacts, one
can make the assumption that the attenuating object
is composed of water-equivalent tissue and bones and
then design an algorithm to correct for beam harden-
ing caused by the two different materials (JosepH and
SpiTAL 1978).

3.2.3.5
Truncation Correction

Unlike in MSCT systems, where detectors are usually
wide enough to always capture a patient’s full X-ray pro-
file irrespective of view direction, FDs of today’s C-arm
systems may not be large enough to accomplish this in
any case. As a result, it is possible that X-ray projec-
tions are truncated in some or even all views. Truncated
projections can be problematic for tomographic recon-
struction algorithms, because they may generate bright
circular artifacts and result in incorrectly reconstructed
density values as shown in Fig. 3.3b.

Truncation artifacts and density errors can be re-
duced by applying row-wise extrapolation techniques
(OHNESORGE et al. 2000; STARMAN et al. 2005; SOUR-
BELLE et al. 2005; ZELLERHOFF et al. 2005; HSIEH et
al. 2004). Since row-wise extrapolation only depends
on neighboring data in a horizontal direction, this ap-
proach is adaptive, and it can be very effective, as shown
in Fig. 3.3d.

New multi-axis C-arm gantry designs, such as the
Artis zeego (Siemens AG, Healthcare Sector, Forch-
heim, Germany) shown in Fig. 3.2b, can be operated in a
large-volume scan mode. This approach almost doubles
the object size that can be reconstructed without trun-
cation artifacts, because two C-arm runs are performed
with the detector positioned such that it captures one
half of an X-ray projection in one run while recording
the remaining half in the other.

3.2.3.6
Ring Artifact Correction

Ring artifacts are caused by detector gain inhomogene-
ities or defective detector pixels. Fortunately, elaborate
detector calibration and built-in FD defect correction
can usually correct detector pixel problems to a large
extent, thus preventing most serious ring artifacts right
at the detector.

Nevertheless, with the steadily improving image
quality of C-arm CT, even the slightest 3D image imper-
fections start to show up. This is why a ring correction
algorithm is needed. Implemented as a post-processing
algorithm, it first generates a ring image using sophis-
ticated image processing techniques. This ring image is
then subtracted from the initial reconstruction result to
obtain a cleaned-up image as depicted in Fig. 3.3¢c and
Fig. 3.3d (FLOHR 2000; ZELLERHOFF et al. 2005).

3.2.3.7
Image Quality

Thanks to a detector optimized for high-resolution 2D
fluoroscopic and radiographic imaging, the spatial res-
olution provided by C-arm CT can be very high. For
example, a common FD for large-plate C-arm systems,
such as the 30 cm x 40 cm Pixium 4700 flat-panel de-
tector (Trixell, Moirans, France), offers a native pixel
pitch of 154 pum in a 1,920 x 2,480 matrix. Although
this leads to an excellent spatial resolution, taking full
advantage of it reduces the FD frame rate in overview
mode to 7.5fs". Such a low frame rate limits its clinical
use to certain high-contrast applications unless special
read-out techniques are applied. Higher frame rates are
possible by applying 2 x 2 binning or 4 x 4 binning of
detector pixels. Since pixel binning combines neigh-
boring detector elements, the effective pixel width and
height increases to 308 pm (2 x 2 binning) or to 616 pm
(4 x 4 binning), respectively.

To arrive at a first estimate of how detector pixel
width is related to spatial resolution, let us start with
an example based on a detector pixel pitch of 308 um.
This is the pixel width of the Pixium 4700 FD when
operated in 2 x 2 binning mode. Taking into account a
cone-beam magnification factor between isocenter and
detector of 1.5, we arrive at an effective pixel size at iso-
center of 205 pum. This suggests that a spatial (in-plane)
resolution of up to 2.4 LP/mm should be achievable af-
ter tomographic reconstruction (1/0.410 mm), if imag-
ing conditions were ideal. Unfortunately, additional fac-
tors such as finite focal spot size, gantry motion, and 3D
reconstruction kernel may lower spatial resolution. For
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example, the spatial resolution after tomographic recon-
struction for an Artis zee system using syngo DynaCT
(both Siemens AG, Healthcare Sector, Forchheim, Ger-
many) is not 2.4 LP/mm as estimated above, but rather
2.0 LP/mm as depicted in Fig. 3.4. The smallest high
contrast object that can be resolved at 2.0 LP/mm has
a size of about 250 um or 0.25 mm. At native detector
resolution (154 um pixel pitch), the spatial resolution
encountered in phantom measurements reaches almost
4.0 LP/mm. This means that details may be resolved
that are as small as 0.13 mm. If 4 x 4 binning is applied,
then the spatial resolution seen in bar-pattern experi-
ments is about 1.0 LP/mm, i.e., the system can be ex-
pected to resolve objects with a size of around 0.50 mm.
This value is only slightly less than results obtained with
current multi-slice CT devices. In fact, the 4 x 4 binning
mode is a clinically well accepted acquisition technique
for low-contrast C-arm CT imaging, e.g., in the abdo-
men, because the increased detector frame rate enables
the acquisition of a higher number of views in a shorter
time frame. The higher number of views results in im-
proved low-contrast detectability, while the shorter scan

Spal Resol 420 0.4 01.20 2x2
BO1

2.2 LP/mm

-

2.0 LP/mm

v

Fig. 3.4. Spatial resolution experiment involving an axial slice
through a spatial resolution phantom. The 3D spatial resolution
from 2D X-ray projections acquired with a Trixell Pixium 4700
detector is about 2.0 LP/mm, if 2 x 2-pixel binning is applied.
Projection data were acquired on an Artis zee C-arm system,
and reconstruction was performed with syngo DynaCT (both
Siemens AG, Healthcare Sector, Forchheim, Germany)

time reduces the chance of artifacts due to patient mo-
tion, breathing, or peristalsis.

Contrast resolution characterizes a C-arm CT sys-
tem’s capacity to resolve soft tissue differences. For
good low-contrast imaging results, it is advantageous to
acquire a high number of views, because this reduces
streak artifacts. To further reduce noise in applications
such as head scans, an additional option may be to in-
crease system dose.

With a properly selected image acquisition proto-
col, state-of-the-art C-arm CT systems such as syngo
DynaCT (Siemens AG, Healthcare Sector, Forchheim,
Germany) can at least resolve 5-mm (10-mm) diam-
eter objects with a contrast difference of 10 HU (5HU)
(FAHRIG et al. 2006). Even better results are sometimes
possible as demonstrated in Fig. 3.5. From a clinical
point of view, the low-contrast imaging performance of
today’s C-arm systems not only can be expected to dif-
ferentiate between fat and muscle tissue, but C-arm CT
can also resolve smaller contrast differences and possi-
bly even visualize bleeds.

TPHAN 480 0.4 01.20 2x2

Fig.3.5. C-arm CT reconstruction of the CTP515 CATPHAN
image quality segment (Phantom Laboratory, Salem, NY) using
syngo DynaCT (Siemens AG, Healthcare Sector, Forchheim,
Germany). A 10-mm-thick MPR slice is shown. It comprises
low-contrast-equivalent insets with a density difference of 10
HU (5 oclock to 8 oclock), 5 HU (1 oclock to 4 oclock), and
3 HU (9 oclock to 12 oclock). The diameters of the individual
insets are 15,9, 8,7, 6, 5, 4, 3, and 2 mm, respectively. The 3D
data set was reconstructed from 538 raw input projections ac-
quired on an Artis zee system at 70 kV tube voltage (Siemens
AG, Healthcare Sector, Forchheim, Germany). The associated
weighted CT dose index (CTDI,) was 50 mGy
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Applications

3.3.1
Interventional Imaging Using C-Arm CT

3.3.1.1
Neurovascular Imaging

Two-dimensional digital subtraction angiography
(DSA) is still considered a gold-standard imaging tech-
nique for diagnostic and therapeutic imaging of intra-
cranial vessels. One of DSAs advantages is its superb
spatial resolution. Today, however, many clinicians of-
ten rely on 3D C-arm imaging as well-at least for com-
plex cases. In fact, several studies comparing 2D DSA to
3D C-arm imaging concluded that 3D images can offer
more detailed anatomical information for the therapy of
intracranial aneurysms than 2D DSA (Hoft et al. 1994;
Tu et al. 1996; Missler et al. 2000; Sugahara et al. 2002;
Hochmuth et al. 2002). In addition to providing more
information about the aneurysm neck, the available 3D
geometry can also be used to find optimal C-arm work-
ing views (Anxionnat et al. 2001; Mitschke and Navab

Fig. 3.6a,b. View-aligned DSA and C-arm CT data sets. C-
arm systems can be brought into proper 2D working views by
rendering a 3D data set interactively under various orienta-
tions, choosing the most suitable view, and initiating an auto-
matic C-arm move. This is displayed for a DSA sequence (a)
and a volume rerendered 3D vessel tree (b) depicting a lobu-
lated intracranial aneurysm (red arrow). Images were acquired

2000). This is illustrated in Fig. 3.6 for a lobulated in-
tracranial aneurysm. Once a proper view orientation
has been found by interactively inspecting a rendered
volume, the C-arm can be automatically positioned at
the selected view angle for 2D imaging. On syngo X-
workplace systems (Siemens AG, Healthcare Sector,
Forchheim, Germany), a little blue icon is used to de-
note C-arm positions that can be reached safely. A red
icon indicates that the C-arm cannot be aligned with a
certain volume-rendered view due to collision control
or mechanical constraints.

When using 3D C-arm imaging for the visualiza-
tion of stents, physicians again found that access to
3D information during the intervention facilitated
better clinical outcomes (VAN DEN BERG et al. 2002;
BENNDOREF et al. 2005, 2006; RICHTER et al. 2007a).
BENNDORE et al., for example, valued the clear visual-
ization of both the stent struts and their adaptation to
arterial walls and aneurismal lumen.

Another important C-arm CT application in the
brain is tumor imaging. For example, intra-arterially
contrast-enhanced 3D C-arm imaging can reveal both
vascularity and blood supply of a meningioma of the
olfactory groove, as illustrated in Fig. 3.7a—c. An axial
slice is displayed in Fig. 3.7a, a sagittal cross-section is

on an AXIOM Artis dBA system and reconstructed on a syngo
X-workplace running syngo DynaCT (all Siemens AG, Health-
care Sector, Forchheim, Germany). DSA sequence and 3D
vessel tree are both seen under LAO/RAO = 45° and CRAN/
CAUD = 1° (images courtesy of Prof. Knauth, Department of
Neuroradiology, University Gottingen, Germany)
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shown in Fig. 3.7b, and a coronal cut through the lesion
can be found in Fig. 3.7c, respectively. A volume ren-
dered display is presented in Fig. 3.7d. This information
can be useful to determine the best treatment option.
The C-arm CT images were obtained with syngo Dy-
naCT running on a syngo X-workplace (both Siemens
AG, Healthcare Sector, Forchheim, Germany). X-ray
projections were acquired on an AXIOM Artis dBA
angiography system (Siemens AG, Healthcare Sector,
Forchheim, Germany).

Fig.3.7a-d. C-arm CT images showing a meningioma of the
olfactory groove: axial (a), sagittal (b), coronal cross-section
(c), and volume rendered display (d). The C-arm CT results
were obtained with syngo DynaCT running on a syngo X-
workplace (both Siemens AG, Healthcare Sector, Forchheim,

3.3.1.2
Abdominal Imaging

Besides endovascular treatments in the brain, C-arm
CT is also well suited to support abdominal applica-
tions. In fact, C-arm CT has already received consid-
erable attention for minimally invasive liver tumor
treatments. Innovative therapeutic approaches, such
as local chemotherapy, chemoembolization, or selec-
tive internal radiation therapy (SIRT), may all benefit,

Germany). X-ray projections were acquired on an AXIOM Ar-
tis dBA angiography system (images courtesy of Prof. Doerfler,
Department of Neuroradiology, University Erlangen-Nurem-
berg, Germany)
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because C-arm CT can be used to image both feeder
vessels and soft tissue. For example, MEYER et al. re-
cently presented five cases involving abdominal tran-
sarterial chemoembolization in which C-arm CT had
a considerable impact on the course of the treatment
(MEYER et al. 2007). Based on their experience, MEYER
et al. (2007) concluded that C-arm CT has the poten-
tial to expedite any interventional procedure that re-
quires three-dimensional information and navigation.
Similarly, WALLACE et al. (2007) found that C-arm CT

Fig. 3.8a,b. Uterine fibroid embolization. A maximum-
intensity-projection (MIP) image of a C-arm CT data set ob-
tained with the catheter in the left uterine artery is shown in
(a). Another MIP image with the catheter in the right uterine
artery is displayed in (b). Results were obtained with an Ar-
tis zeego multi-axis C-arm system (Siemens AG, Healthcare
Sector, Forchheim, Germany) using the regular C-arm CT data
acquisition mode (a) and the large-volume mode (b) (images
courtesy of Dr. Waggershauser, Department of Clinical Radiol-
ogy, University of Munich, Germany)

provided additional imaging information beyond DSA
in approximately 60% of all cases. In about 19% of all
procedures, procedure management changed. When
VIRMANI et al. (2007) investigated the usefulness of C-
arm CT for transcatheter arterial chemoembolization
(TACE) of unresectable liver tumors, they observed that
3D C-arm imaging led to different catheter positions in
39% of all cases, while improving the diagnostic confi-
dence in 78% of all patients.

Another procedure that can benefit from 2D and
3D X-ray imaging is uterine fibroid embolization. In
addition to 2D fluoroscopic imaging for catheter guid-
ance, C-arm CT can confirm blood supply to fibroids
in 3D as well. This is illustrated in Fig. 3.8. Data sets
were generated on an Artis zeego system (Siemens AG,
Healthcare Sector, Forchheim, Germany). Figure 3.8a
was obtained with the catheter in the left uterine artery
revealing blood supply to two fibroids. Figure 3.8a also
demonstrates single-run C-arm CT volume coverage.
Figure 3.8b, on the other hand, was acquired using Ar-
tis zeego’s large-volume scan mode involving two scans
with the detector positioned such that it captures one
half of an X-ray projection in one run and the remain-
ing half in the other. For this data set, the catheter was
placed in the right uterine artery to confirm if it also
supplies blood to the fibroids or not. The Artis zeego’s
large-volume C-arm CT imaging mode increases the
width of the field-of-view from 25 cm, displayed in Fig.
3.8a, to 47 cm, illustrated in Fig. 3.8b. Figure 3.8b dem-
onstrates that large-volume syngo DynaCT (Siemens
AG, Healthcare Sector, Forchheim, Germany) provides
superior organ coverage.

Additional clinical applications in the body that can
benefit from C-arm CT are drainages and punctures.
When performing percutaneous biliary drainage proce-
dures, FROEHLICH et al. (2000), for example, found that
C-arm CT resulted in decreased procedure and fluoros-
copy times. C-arm CT can also be beneficial for com-
plicated transjugular intrahepatic portosystemic shunt
cases (SzE et al. 2006). BINKERT et al. (2006) described
another successful application for C-arm devices pro-
viding both 2D and 3D imaging. They used the 3D
cross-sectional information for needle placement and
2D fluoroscopy to perform embolization of translum-
bar type II endoleaks.

3.3.1.3
Cardiac Imaging

Cardiac imaging for electrophysiology treatments is
another promising field for C-arm CT imaging. It can
provide accurate morphological information in the in-
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terventional suite immediately before, during, and after
an ablation procedure, whereas preoperative CT images
may be limited in accuracy due to changes in anatomi-
cal heart structures over time.

First clinical results obtained with syngo DynaCT
Cardiac (Siemens AG, Healthcare Sector, Forchheim,
Germany) are shown in Fig. 3.9a-d. Three multiplanar
reformatted images are displayed with a slice thickness
of 2.1 mm. They illustrate important anatomical struc-

Fig. 3.9a-d. Multiplanar reformatted images (MPRs) recon-
structed using an ECG-based multi-segment C-arm CT tech-
nique such as syngo DynaCT Cardiac (Siemens AG, Healthcare
Sector, Forchheim, Germany). Images are rendered with a slice
thickness of 2.1 mm. A four-chamber view is shown in the up-
per left (a). The left ventricle, ascending aorta, and aortic valve

tures, such as the four heart chambers (Fig. 3.9a) and
the left ventricle together with the ascending aorta and
the aortic valve (Fig. 3.9b). In this case, even a coro-
nary artery could be successfully imaged, as shown
in Fig. 3.9c. A volume rendered posterior view of the
contrast-enhanced heart is displayed in Fig. 3.9d. There,
the esophagus was enhanced using barium (see yellow
arrow) to obtain information about its position relative
to the left atrium.

can be found in the upper right (b). In the lower left, the proxi-
mal right coronary artery is depicted (c). A volume rendered
posterior 3D view of the contrast-enhanced heart is displayed
in the lower right (d). The yellow arrow points to the barium-
enhanced esophagus (images courtesy of Prof. Brachmann and
Dr. Nélker, Klinikum Coburg, Germany)
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3.3.2
Guidance of Interventional
Procedures Using C-Arm CT

In the past, image guidance in the interventional suite
has been limited to 2D X-ray fluoroscopic imaging.
With the emergence of C-arm CT, however, it is now
possible to generate 3D data sets and perform real-time
2D imaging in the same room without having to relo-
cate the patient.

3.3.2.1
Enhanced X-Ray Navigation

Two-dimensional fluoroscopic images, which are usu-
ally acquired to guide interventional procedures at
very low X-ray dose, offer excellent spatial and tempo-
ral resolution. Unfortunately, fluoroscopic images lack
both contrast resolution and 3D information. This may
cause difficulties when localizing devices with respect to
treatment regions. Three-dimensional C-arm CT data
sets, on the other hand, can provide both low-contrast
resolution and a 3D spatial orientation, but not in real-
time. By integrating 2D fluoroscopic imaging with 3D
C-arm CT, the strengths of both methods can be com-
bined. The result is an auto-registered (hybrid) system
integrating 2D and 3D X-ray imaging.

Fig. 3.10a,b. Enhanced X-ray navigation: Scene (a) depicts a
3D vascular segment (in red) overlaid onto a coiled aneurysm.
Scene (b) shows a volume-rerendered roadmap with vessels (in
orange). Both results were generated with syngo iPilot (Siemens

Since 2D and 3D imaging modalities are mechani-
cally coregistered, 3D C-arm CT data sets can be used
for (augmented) real-time visualization of 2D fluoro-
scopic projections (RICHTER et al. 2007b). This is il-
lustrated in Fig. 3.10. Figure 3.10a depicts a 3D vascu-
lar segment (in red) overlaid onto a coiled aneurysm.
Fig. 3.10b shows a volume-rendered roadmap with
vessels (in light orange) to facilitate guidewire naviga-
tion. Since a volume-rendered roadmap can be recom-
puted in real-time, changes in C-arm viewing angles,
source-detector-distance, zoom, and table movements
can all be taken into account without any need to ac-
quire another 2D roadmap. From a clinical point of
view, volume-rendered roadmapping can reduce the
amount of contrast medium administered to a patient
and lessen X-ray dose. It can also save some procedure
time (SOEDERMAN et al. 2005).

Live 2D fluoroscopy augmented with anatomical
overlays derived from C-arm CT data sets can be further
enhanced by including an additional treatment plan for
instrument guidance. Such a plan can be generated by
annotating a C-arm CT data set, e.g., by adding points
and drawing lines. This treatment plan can then be su-
perimposed on 2D X-ray projections either together
with an anatomical overlay or even without it. Similar
to anatomical overlays, the 2D appearance of a treat-
ment plan set up in 3D is also updated whenever the C-
arm view orientation changes. This way, an appropriate

AG, Healthcare Sector, Forchheim, Germany) (images cour-
tesy of Prof. Mawad, Baylor College of Medicine, Department
of Radiology, Houston, TX)
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overlay view of both anatomy and treatment plan can be
obtained under each C-arm projection angle.

An interesting clinical application that can benefit
from the use of graphical treatment plans is percutane-
ous needle guidance. The advantage of using a C-arm
system for percutaneous needle procedures is superior
access to bigger patients and better support for com-
plex, double-oblique needle trajectories. To set up a
treatment plan, the physician specifies a target point
and a needle trajectory in 3D first. To this end, a C-arm
CT data set may be used. In the next step, the C-arm
is moved into a bull’s eye view (down-the-barrel view)
that aligns X-ray view orientation and needle path. This
view orientation is used to insert the needle. After the
needle has been placed, the C-arm is driven back and
forth between two suitably chosen progression views
to monitor needle advancement. If needed, C-arm CT
data sets can be generated throughout the procedure
to confirm the needle position in 3D. If a thin slice is
sufficient, narrow collimation may be preferable as it
reduces patient dose. Needle guidance for C-arm sys-
tems is commercially available as iGuide (Siemens AG,
Healthcare Sector, Forchheim, Germany) or XperGuide
(Philips Healthcare, Andover, MA).

One challenge for X-ray guidance involving C-arm
CT volume data is that the relation between the 3D data
sets and the 2D projection images needs to be main-
tained at all times. This requires stabilizing or tracking
the patient. However, if misalignment does occur, then
2D-3D registration algorithms are available to correct
for it (BYRNE et al. 2004; BAERT et al. 2004; PRUEMMER
et al. 2006).

3.3.2.2
Electromagnetic Navigation/Tracking (EMT)

Electromagnetic (EM) tracking (EMT) systems receive
an increasing amount of attention in interventional
radiology. These tracking systems use a transmitter
located in the vicinity of the patient. It houses several
coils generating a complex EM field that extends to
some 50 cm in front of the device. If a small coil (posi-
tion sensor) is brought into the EM field, the voltage
induced can be used to calculate sensor position and
orientation. With modern systems, a position accuracy
of around 1 mm can be achieved. Positions sensors are
usually located in the tip of interventional instruments,
e.g., needles used for biopsy, drainage, vertebroplasty, or
radiofrequency ablation devices.

The workflow of an electromagnetically navigated
intervention is as follows. First, the patient is placed on
the table of the C-arm CT system possibly immobilized

Fig.3.11. Typical setup of an electromagnetic (EM) navigation
system. The transmitter, held by the flexible arm shown in the
center of the image, is placed underneath sterile covers. Since
the needle has an integrated localization sensor, the tracking
system can show its position inside a registered C-arm CT data
set. The 3D data was generated with an AXIOM Artis dBA C-
arm system (Siemens AG, Healthcare Sector, Forchheim, Ger-
many), while EM navigation was performed with a CAPPA
IRAD EMT navigation system (CAS innovations, Erlangen,
Germany) (image courtesy of Prof. Wacker, Charité, Berlin,
Germany)

using a vacuum mattress. In the next step, a C-arm CT
data set is generated. Afterwards, the C-arm CT data set
is registered to the coordinate system of the tracking de-
vice. Different registration methods exist depending on
the EM tracking system used (NAGEL et al. 2007). After
registration, the EM tracking system can display real-
time instrument movement within a C-arm CT data set
using a graphical instrument representation as shown
in Fig. 3.11. It is also possible to mark target and skin
entry point in the 3D data set and, based on this infor-
mation, use EMT to navigate the needle to the desired
position. Initial clinical results obtained for percutane-
ous procedures have demonstrated that EM navigation
based on C-arm CT data sets can be safe and effective
(NAGEL et al. 2008).

Future Perspectives of C-Arm CT

The technical progress in C-arm CT is going to continue.
In fact, the recently introduced Artis zeego system (Sie-
mens AG, Healthcare Sector, Forchheim, Germany)
already provides a glimpse into the future of advanced
C-arm devices. Based on a new multi-axis platform
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combined with a light-weight C-arm, these systems are
not only going to offer better patient access, but they
will also support faster, more flexible image acquisition
trajectories for increased 3D coverage. Latest C-arm
gantry designs together with further optimized X-ray
generation components, more advanced flat detectors,
and increasingly sophisticated 3D reconstruction algo-
rithms will improve C-arm CT image quality beyond
what is currently available. Since navigation techniques
and instruments are continuously upgraded as well, it
seems safe to predict that future C-arm systems are go-
ing to be integrated medical devices seamlessly combin-
ing high-quality C-arm CT with 2D live imaging and
device navigation for therapy planning, guidance, and
outcome assessment all in the interventional suite.
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ABSTRACT

Technical progress in computed tomography (CT)
has substantially increased the clinical efficacy of
CT procedures and offered promising new appli-
cations in diagnostic imaging. On the other hand,
data from various national surveys have con-
firmed, as a general pattern, the growing impact
of CT as a major source of patient and population
exposure. From a radiation-hygienic point of view,
it is thus necessary to optimize the medical benefit
of CT examinations to patients, while strictly con-
trolling and reducing their risk from the radiation
exposure. It is the purpose of this chapter to sum-
marize relevant dosimetric concepts for dose as-
sessment in CT, to give an overview on the specific
factors determining radiation exposure to patients
in MSCT, and to provide suggestions for the opti-
mization of MSCT protocols to balance patient ex-
posure against image quality.

Introduction-General Remarks
on Radiation Exposure
Related to Medical Diagnosis

Projection radiography and even more tomographic im-
aging technologies such as CT are of great importance
for the diagnosis of diseases as well as for therapy plan-
ning and monitoring. Digital X-ray imaging technolo-
gies and the possibilities of fast and large volume data
acquisition in multi-slice CT (MSCT) have changed the
clinical praxis to a large extent. On the other hand, the
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technical progress results in a rise of the radiation expo-
sure to patients, although the dose per investigation has
been reduced in the last decades. In most health-care
level-I countries, medical radiation exposure is now by
far the greatest single component of radiation exposure
to the population, summing up to as much as the over-
all radiation exposure coming from natural sources on
average.

According to recent studies (RADIOLOGICAL So-
CIETY OF NORTH AMERICA 2004; REGUuLLA and EDER
2005; UNSCEAR 2000), the mean effective dose per
person and year in these countries is ranging between
0.4 and 4 mSv, mainly due to exposures from CT, angio-
graphic and interventional investigations. In the USA,
for instance, the value of the annual mean exposure per
caput from medical X-ray examinations has recently
been reported to have increased from the long-term
value (1980-2000) of 0.5mSv effective dose to now
3.2mSv (METTLER 2007).

This trend is obviously ongoing. It corresponds to
the development and spreading of new powerful MSCT
systems that allow new types of investigations due to
their fast acquisition modes. In Germany, for example,
the frequency of CT examinations has increased from
about four percent of all X-ray examinations in 1997
to about six percent in 2003 (e.g., Brix et al. 2005;
BUNDESAMT FUR STRAHLENSCHUTZ 2006; REGULLA
et al. 2003). As a consequence, CT is currently causing
more than 50% of the annual mean effective dose ad-
ministered to individual members of the public due to
medical X-ray procedures.

The effective doses of a single patient from CT ex-
aminations can vary between about a few millisieverts
up to more than 100 mSv. Effective doses below 100 mSv
are classified as low-dose applications (BEIR VII; Com-
MITTEE TO ASSESS HEALTH RISKS FROM EXPOSURE TO
Low LEVELS OF IONIZING RADIATION; NUCLEAR AND
RADIATION STUDIES BOARD 2006). On the other hand,
it is worth noticing that effective doses in the range of
5 to 50mSv are comparable, with the lowest range of
exposures for persons among the atomic bomb survi-
vors. In this dose range, stochastic radiation risks are of
relevance. In accordance with recent recommendations
of international bodies such as the ICRP (International
Commission on Radiological Protection; ICRP 2007a),
it is assumed that the risk is proportional to the radia-
tion dose (linear non-threshold hypothesis). Despite the
broad discussions concerning the harm of low radiation
doses to humans (BREckow 2006; BRENNER and SACHS
2006; TRABALKA and KoCHER 2007; WAMBERSIE et al.
2005), this hypothesis provides a conservative approach
for risk assessment.

General Radiation Protection Principles
and Their Applicability to Medical X-Ray
Diagnosis

Radiation protection is governed by three fundamental
principles that are designed to establish a level of protec-
tion based on what is deemed acceptable (ICRP 2007a).
These principles are: justification, optimization of pro-
tection, and application of dose limits. In the following,
the meaningfulness of these principles in medical X-ray
diagnosis—in particular, MSCT-is discussed:

Justification: “Any decision that alters the radiation
exposure situation should do more good than harm”
(ICRP 2007a). This means that the potential benefits of
a CT examination must be balanced against the individ-
ual detriment that may be caused by radiation exposure.
There must be sufficient net benefit for the individual
patient, considering the efficacy, benefits and risks of
available alternative imaging techniques that involve no
exposure to jonizing radiation or result in lower patient
doses.

Optimization of protection: “The likelihood of in-
curring exposures, the number of people exposed, and
the magnitude of their individual doses should all be
kept as low as reasonably achievable, taking into ac-
count economic and societal factors” (ICRP 2007a).
This means that examinations have to be optimized in
order to define an acceptable balance between patient
exposure and necessary diagnostic image quality.

Application of Dose Limits-Diagnostic Reference
Levels: “The total dose to any individual from regulated
sources in planned exposure situations other than medi-
cal exposure of patients should not exceed the appropri-
ate limits” (ICRP 2007a): this means that a clearly justi-
fied medical examination employing ionizing radiation
is not limited by a specific dose value. The explicit ex-
emption of medical exposure from the principle of dose
limitation is owed both to the assumption that medical
exposures are generally for the benefit of the patient and
the perception that medical diagnostic procedures may
lead to comparatively high doses to individual patients,
e.g., when interventional procedures are considered.
However, it is also recognized that the magnitude of pa-
tient exposures varies considerably among different ra-
diological departments due to both equipment and skill
of the personnel. Therefore, the ICRP recommends in
its publication on ‘Radiological Protection and Safety in
Medicine’ (ICRP 1996) the use of Diagnostic Reference
Levels (DRLs) for patient examinations as a measure
of adequacy of protection. The DRLs apply to an easily
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measurable operational dose quantity and are intended
for use as a simple test for identifying situations where
the levels of patient dose are unusually high. If patient
doses related to a specific procedure are consistently
exceeding the corresponding DRL, there should be a
local review of the procedures and equipment. Mea-
sures aimed at the reduction of dose levels should be
taken, if necessary. The COUNCIL OF THE EUROPEAN
Un1oN (1997) has adopted this concept in the Council
Directive 97/43/EURATOM. By this means, the mem-
ber states of the EU are obliged to adopt the DRLs into
national legislation and regulations concerning radia-
tion protection in medical diagnostics (for Germany:
Bundesamt fiir Strahlenschutz 2003).

How to Quantify Radiation Exposure
to Patients Related to CT Examinations

4.3.1
Fundamental Dose Quantities

The most comprehensive way to quantify the expo-
sure of a patient undergoing a specific investigation is
to determine a dose for each organ. The absorbed dose
averaged over an organ is called the organ dose. How-
ever, the complexity inherent to a large number of dose
values makes it difficult to compare patient doses from
different investigations or even different equipment.
For such a comparison, it is desirable to have one single
value-the effective dose, E.

This dosimetric quantity is defined by a weighted
sum of organ (or tissue) equivalent doses' as

E:ZT:WTHT (1)

where wr is the tissue-weighting factor for tissue T, Hy
the equivalent dose of tissue T, and Y wr =1 (ICRP
1991). The sum is performed over all organs and tissues
of the human body considered to be sensitive to the
induction of stochastic radiation effects. The wy values
are chosen to represent the contributions of individual
organs and tissues to overall radiation detriment from

1 The equivalent dose, H, is the absorbed dose, D, multiplied
with a radiation weighting factor. For photons and electrons
of all energies, the radiation weighting factor is equal to
unity, and absorbed doses and equivalent doses are numeri-
cally identical.

stochastic effects. The organs and tissues for which tis-
sue weighting factors are specified are given in Table 4.1.
As indicated, these factors have recently been changed
for some organs. All effective dose values given in this
chapter are computed with the weighting factors speci-
fied in 1991 (ICRP 1991).

Although introduced for radiological protection of
workers and the general public, the “effective dose can
be of value for comparing doses from different diag-
nostic procedures and for comparing the use of similar
technologies and procedures in different hospitals and
countries as well as the use of different technologies for
the same medical examination. However, for planning
the exposure of patients and risk-benefit assessments,
the equivalent dose or the absorbed dose to irradiated
tissues is the relevant quantity” (ICRP 2007a). Potential
applications of this quantity in patient dosimetry should
therefore be confined to the above considerations, and
the limitations of this quantity concerning personalized
dosimetry have to be kept in mind.

4.3.2
Determination of Organ and Tissue Doses

In general, organ doses cannot be measured directly;
they have to be calculated by radiation transport simu-
lations, mostly using Monte Carlo techniques and com-
putational models of the human body. The results of
these calculations are so-called organ dose conversion
coeflicients, i.e., mean organ doses normalized to a mea-
surable dose quantity, such as the CTDI (see below).

In the past, dose estimates have been based upon
schematic representations of the human body where the
shape of the body and its internal organs are described
by relatively simple geometric bodies such as spheres,
ellipsoids, elliptical cylinders and parts and combina-
tions thereof (CrRisTY and ECKERMAN 1987; SNYDER et
al. 1978). Using these “mathematical” models, various
radiation protection organizations around the world
have simulated X-ray examinations to determine or-
gan dose conversion coefficients (DREXLER et al. 1990;
HART et al. 1994a, b; ROSENSTEIN 1976, 1992; STERN et
al. 1995; WALL 2004). During the last 2 decades, voxel
models were introduced that are derived mostly from
(whole-body) medical image data of real persons. Ex-
amples of voxel models are shown in Fig. 4.1. Typically,
they represent realistic models of the human anatomy
and offer a clear improvement compared to the mathe-
matical models whose organs are described by relatively
simple geometrical bodies. As a consequence, the dose
coeflicients estimated for voxel models deviate system-
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Table 4.1. Tissue-weighting factors, wr, given by the ICRP in 1991 (ICRP 1991) and 2007 (ICRP
2007a) reflecting the relative susceptibility of various tissues and organs to ionizing radiation

Tissue or organ

ICRP 1991

Gonads

Bone marrow, lungs, colon, stomach
Liver, thyroid, esophagus, breast, bladder
Bone surface, skin

Remainder tissues®

ICRP 2007

Bone marrow (red), colon, lung, stomach, breast, remainder
tissues®

Gonads
Bladder, esophagus, liver, thyroid,

Bone surface, brain, salivary glands, skin

0.20

0.12

0.05

0.01

0.05

0.12

0.08

0.04

0.01

The remainder tissues consist of a group of additional organs and tissues with a lower sensitivity
for radiation-induced effects for which the average dose must be used:

*Small intestine, brain, spleen, muscle tissue, adrenals, kidneys, pancreas, thymus and uterus,

extrathoracic region

® Adrenals, extrathoracic region, gall bladder, heart, kidneys, lymphatic nodes, muscle, oral
mucosa, pancreas, prostate, small intestine, spleen, thymus, uterus/cervix

atically from those calculated for mathematical models
(ZANKL et al. 2002, SCHLATTL et al. 2007, WINSLOW et
al. 2004).

4.3.3
Measurable Dose Quantities in CT

The dosimetric quantities typically used in CT are the
“CT dose index” (CTDI) and the “dose length product”
(DLP). The CTDI is defined for an axial CT scan (one
rotation of the X-ray tube) by dividing the integral of
the absorbed dose along the z axis by the nominal beam
width. As shown in Fig. 4.2, this value is equivalent to
the dose within the nominal width of the slice assuming
that the absorbed dose has a rectangular profile with a
constant dose inside the nominal width and zero dose
outside.

The CTDI is measured either free in air (CTDI,,)
or in a specified phantom made of PMMA. Different
phantom sizes are used to reflect differences in body
anatomy. This is mainly realized by different phantom
diameters (16-cm diameter for head investigations,
32-cm diameter for body investigations). In practice,
CTDI measurements are usually performed with a pen-
cil ionization chamber with an active length of 100 mm,
which is positioned at the center (CTDI ) and at the
periphery (CTDI,q,) of either a standard head or body
CT dosimetry phantom. On the assumption that the
dose decreases linearly with the radial position from
the surface to the center of the phantom, the average
dose is given by the “weighted CTDI” (CTDI,) that is a
weighted linear combination of the central and periph-
eral CTDI values:

1 2
CTDIW = gCTDIIOO,c + gCTDI]()o,p. (2)
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Fig. 4.1. Three voxel phantoms of a man (left), baby (middle),
and woman (right) developed by the Helmholtz Zentrum
Miinchen, German Research Center for Environmental Health
(FrLr et al. 2004; PEToussi-HEeNss et al. 2002; ZANKL et al.
2002)

relative dose profile

scan region

Fig. 4.2. Schematic presentation of the meaning of the nor-
malized CTDI

The CTDI is directly proportional to the electrical cur-
rent-time product (i.e., charge, Qq, in mAs) chosen for
the scan; when the CTDI is divided by the Q. value, it is
called “normalized CTDI” (,CTDI). CTDI,, values have
to be measured for all combinations of tube potentials
(U in kV) and slice collimations that can be realized
at the specific type of scanner, but only for a fixed Qq
value. It should be noted that the CTDI, is a system spe-
cific parameter from which neither a value for a patient
dose nor the dose requirements of a system can be de-
duced directly, without additional knowledge of specific
scan parameters, such as collimation and number of
rotations.

According to the revised IEC standard 60601-2-44,
the dose quantity displayed at the operator’s console of a
CT system is the “volume CTDI”

CTDIy,; = CTII))IW , (3)

where p is the pitch, i.e., the ratio of table feed per
gantry rotation and the total beam collimation A. The
CTDI,, is the principal dose descriptor in CT, reflecting
not only the combined effect of the scan parameters Qu,
U, p, and h on the local dose level, but also of scanner
specific factors, such as beam filtration, beam-shaping
filter, geometry, and overbeaming (see below). The vol-
ume CTDI (CTDI,,) describes the average local dose for
the patient within the volume of investigation given in
mGy.

A better representation of the overall energy deliv-
ered by a given scan protocol is the dose-length product
(DLP) that is the volume CTDI multiplied with the total
scan length, L

DLP = CTDlIy,; - Lt 4)

According to the “European Guidelines on Quality Cri-
teria for CT” (European Commission 1999), DRLs for
CT examinations are given in terms of CTDI,, or CTDI
and DLP. DRLs valid in Germany for some of the most
frequent CT examinations are listed in Table 4.2.

4.3.4
Determination of the Effective Dose
from Device and Scan Parameters

A simple, but coarse estimation of effective dose can be
derived from the DLP using representative conversion

coeflicients provided by the ICRP (ICRP 2007b):

E=k- DLP, (5)
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Table 4.2. Diagnostic Reference Levels for some CT investigations of adults, valid in Germany since 2003

CT investigation

Brain 60
Face and sinuses 35
Thoracic scan 22
Abdominal scan 24
Pelvis 28
Upper abdomen 25
Lumbar spine 47

where kare conversion coefficients (inmSv-mGy "' -cm™),
depending on the scanned body region and patient size
(respectively age). Some values of k for adult patients
are presented in Table 4.3.

Alternatively, and based on the above quantities,
one can calculate all relevant parameters for dose esti-
mates from the scan parameters and some system-spe-
cific components. The basic principle is summarized in
Table 4.4. In the first column the needed or calculated
parameters are described; the corresponding symbols
are given in column 2, while in column 3 the appropri-
ate units are specified. (To achieve meaningful results, it
is indispensable to express the quantities in their correct
units. If required, suitable conversions from other units

Table 4.3. Normalized effective dose per dose-length product
(DLP) for adults (standard physique) for various body regions
(ICRP 2007b)

Body region k (mSv - mGy" - cm™)
Head and neck 0.0031

Head 0.0021

Neck 0.0059

Chest 0.014

Abdomen and pelvis 0.015

Trunk 0.015

CTDIva

[mGy]

60 1,050
28 360
17 650
19 1,500
23 750
20 770
44 280

have to be made prior to applying respective values in
the following calculation scheme.)

There are various software tools commercially avail-
able that can be used to estimate organ and effective
dose values for a variety of CT protocols and scanners
from measured CTDI, values (BRrix et al. 2004; STAMM
et al., VAMP). The user should make sure, however, to
employ software versions that cover the special aspects
of MSCT discussed in the following. Table 4.5 summa-
rizes representative dose values determined in a nation-
wide survey in Germany for the most common tyes of
CT examinations (Brix et al. 2003).

4.3.5
Special Aspects of MSCT

The larger acquisition volumes per rotation in multi-
slice compared to single-slice CT results in considerably
shorter scan times. The resulting improvement in scan-
ner performance has not only increased the clinical ef-
ficacy of CT procedures, but also offered promising new
applications in diagnostic imaging due to a reduction
of motion artifacts compared to single-slice CT. On the
other hand, the radiologist may be tempted to scan a
larger body region than necessary or to apply imaging
protocols resulting in the best attainable image quality
to every patient. However, larger scan ranges and, usu-
ally, higher image quality are connected with higher
patient doses. For instance, a lower pitch corresponds
typically to a higher image quality, but also to a higher
dose to the patient. On the other hand, and in view of
the requested optimization of protection, the radiolo-
gist is obliged to apply the lowest dose resulting in an
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Table 4.4. Calculation scheme for determining patient doses from device-specific and measurable quantities (example values

mostly from STAMM et al.)

Quantity Symbol Unit Example
Current I mA 120

x Time t s 1.5

= Charge Q mAs 180

x Normalized CTDI in air 2CTDI, mGy/mAs 0.2

x Correction for beam quality ky 1 (140/120)*
= Dose at axis free in air CTDI, mGy 49

x Collimation (# rows x thickness of rows) h cm 2.1

x Number of rotations N 1 10

= Dose length product (free in air) DLP, mGy cm 1,029
x Conversion factor fav mSv/(mGy cm) 0.01

x System correction factor? kCT 1 0.8

x Correction for beam quality ¥ kVv;2 1 (140/120)**
= Effective dose E mSv 8.9

* kv is the square of the ratio of the tube voltage at which the examination is performed to the tube voltage where the CTDI mea-

surements have been performed

®Effective dose conversion coefficient for the examined body region (e.g., STAMM et al.)

Device-specific parameter

kv, is the square root of the ratio of the tube voltage at which the examination is performed to the tube voltage where the conver-

sion coefhicients f,, have been calculated

image quality (determined by slice thickness, slice reso-
lution, pitch, noise and contrast) with which a reliable
diagnosis is possible. In the following, different aspects
that have to be considered in MSCT imaging are dis-
cussed.

Resolution: In order to keep the statistical noise level
constant, considerably higher doses are required for
higher resolution. For instance, halving the slice thick-
ness requires a four times higher radiation dose for the
patient to keep the noise level constant. On the other
hand, the so-called partial volume effect, which leads
to a reduced contrast for details smaller than the slice
thickness, is reduced with decreasing slice thicknesses.
That means, if small details are considered, an increase
of the slice resolution by a factor of two would not re-
quire a four times higher radiation dose to keep the
contrast-to-noise ratio constant. Unfortunately, this
is not true for larger objects; therefore, in most cases

the required dose for the whole scan volume is indeed
larger with smaller slice thicknesses. (In principle, the
same relations hold for both dimensions of the in-plane
resolution. However, higher in-plane resolution is not a
consequence of MSCT technology, but of contemporary
faster reconstruction computers and higher-resolution
detectors.)

Overscanning: Using a spiral scan technique, an addi-
tional half turn at both ends of the scan volume of inter-
est is required to acquire sufficient data for the image
reconstruction. However, only a fraction of this addi-
tional data can be used for the reconstruction. As a con-
sequence, the body region exposed to ionizing radiation
is larger than the imaged body region. Since the number
of detector rows and the scanned volume per rotation
is larger in MSCT than in single-slice CT, the amount
of the additional radiation exposure is higher in MSCT
(VEIT et al. 2005). Figure 4.3 illustrates how the effective
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Table 4.5. Typical dose values from MSCT examinations, as
determined in a nationwide survey performed in Germany in
2002 (Brix et al. 2003)

Examinations Dose values per scan

Type CTDLs  DLP E
(mGy) (mGy cm) (mSv)

Brain 60.6 813 2.2
Face and sinuses 26.7 272 0.8
Face and neck 14.4 288 1.9
Chest 10.9 339 5.5
Abdomen and pelvis 12.6 529 9.7
Pelvis 14.8 349 6.3
Liver/kidney 12.8 292 5.5
Whole trunk 12.8 836 14.5
Aorta, thoracic 12.6 361 6.1
Aorta, abdominal 12.8 484 9.0
Pulmonary vessels 12.8 300 5.2
Pelvis, skeleton 19.4 438 8.2
Cervical spine 27.0 275 2.9
Lumbar spine 32.4 441 8.1
Extremities 14.4 169 --
Coronary CTA 43.1 564 10.2
Calcium scoring 12.4 171 3.1
Virtual colonoscopy 11.4 440 8.0

reconstructed volume is reduced for a four-slice com-
pared to a single-slice system when the same body re-
gion is exposed in both systems. In practice, this means
that for the same reconstructed body region, the irra-
diated body region increases with the detector width.
Overscanning is, of course, only relevant for system op-
eration in a spiral mode. If the system is used in a single
table position or in a step-by-step (axial) mode, over-
scanning is avoided. Another possibility for reducing
the additional patient dose is currently becoming avail-
able: Adaptive collimation at the beginning and the end
of a spiral scan reduces the—clearly unwanted-exposure
that does not serve for the image reconstruction.

Overbeaming: This effect is caused by the finite size
of the focal spot, which-together with the collimator
blades—leads to a penumbra outside the edges of the
collimation. The penumbra size depends on the size of
the focal spot and the collimator-to-focus distance only
and thus has a constant value. While this additional ra-
diation can be detected in single-slice systems, this is
not possible in MSCT. Thus, the resulting overbeaming
causes an increase of radiation dose compared to single-
slice scanners. Obviously, the relative contribution of
overbeaming becomes smaller with an increasing num-
ber of detector rows (BRrix et al. 2003).

Detector geometry: A small proportion of the radiation
entering the patient is not used for diagnostic imag-
ing, since it impinges at the borders between the sin-
gle detector elements and is hence not detected. In the
new detector generation, these areas are considerably
smaller, and thus the proportion of the additional dose
to the patient is reduced.

Scatter radiation: The amount of scatter radiation is
increasing with total collimation. Scatter radiation
causes an additional signal in the detectors, which is
superimposing the signal from the attenuated primary

Fig. 4.3. Schematic representation of the overscanning effect,
for single-slice (upper part) and multislice CT (lower part). The
amount of volume that is exposed additionally (green shaded
part) is larger in MSCT, since the axial extension of one helical
movement of the source is larger in MSCT due to the increased
height of the detector array. It is obvious that scanning of small
body sections with MSCT in spiral mode is not appropriate
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Fig. 4.4a,b. Reconstructed image of a physical test object in a fictitious CT device with large beam collimation from simulated
data (a) including scatter, (b) excluding scatter (i.e., attenuated primary radiation only)

radiation (that contains the structural information)
and thus reduces the contrast. Besides, the scatter
signal itself is noisy, which further increases the noise
of the image. The effect of the scatter is more dominant
with larger collimation such as in the actual scanners
with 64, 128, 256 or 320 detector rows. It also plays a
crucial role in systems with two sources (dual-source
CT), where scatter radiation is not only recorded
by the detector opposite of the source, but also the
second detector. To demonstrate how scatter radiation
is deteriorating image quality in large collimation
systems, various simulations have been performed to
quantify the scatter signal.

A simulation of the amount of scatter radiation in
two different CT geometries showed that the scatter ra-
diation fraction remains below about 30% in an MSCT
system (32 slices) with a collimation of 40 mm; in a cir-
cular flat-panel CT with collimation 400 mm (simulat-
ing the “worst case” in MSCT)), this fraction amounts to
almost 80%. In other words, for the flat-panel CT, the
magnitude of the undesirable scatter radiation signal is
about four times higher than that of the primary signal,
whereas for the MSCT, it is about a factor of two lower
than the primary signal (SCHLATTL et al. 2006).

Figure 4.4 demonstrates the effect of scatter radia-
tion for image reconstruction for a physical test object
in a large collimation CT system. The strongly reduced
contrast due to large amounts of scatter is obvious
(ScuLATTL and HOESCHEN 2008)

4.4
Conclusions

MSCT is a technology under steady development. It of-

fers great possibilities, but contributes also largely to ra-

diation exposure of the population. Therefore, it is very
important that radiologists use this imaging technology
with appropriate caution and for the patients’ benefit.

This includes questions like:

e Is a radiological investigation necessary (i.e., justi-
fied)?

e Are there other types of investigations-involving
less or no radiation-possible?

e Is the radiation susceptibility of a specific patient
higher than average (e.g., pediatric patients)?

e Which values of in-plane resolution and slice thick-
ness are required for a reliable diagnosis?

e  Which pitch value is appropriate to achieve the op-
timal relation between radiation exposure and diag-
nostic output?

®  Which level of image noise is acceptable?

® What is the scan range required to image the body
region to be examined?

e Is the relation of the body region to be examined
and the range exposed due to overscanning reason-
able?

® In summary: Is the examination justified (in view
of a net benefit to the patient) and is the radiation
protection optimized?
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Certainly, novel developments are to be expected in the
fields of medical physics, medical technology, and engi-
neering that will reduce the dose per investigation, such
as adaptive collimation, step-by-step data acquisition
with large collimation, scatter reduction, structure-sav-
ing noise reduction, and more effective reconstruction
algorithms. However, even if the dose per examination
could be reduced substantially due to these technical
developments, this progress will never ease the radiolo-
gist’s responsibility for a specific radiological investiga-
tion. Obviously, this requires a profound education as
well as continuous further professional training. Addi-
tionally, aid towards the justified use of MSCT is offered
by suitable guidance documents [e.g., EUROPEAN CoM-
MISSION 2001; STRAHLENSCHUTZKOMMISSION (SSK)
2006].
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This approach can be used to extract further clini-
cally relevant information from CT scans acquired
at normal dose levels. For example, it is possible
to identify iodine in liver or kidney tissue and to
display the contrast enhancement either by color-
coding it in the CT image or by subtracting it to
obtain virtual unenhanced images. This also works
in lung tissue for the evaluation of pulmonary
perfusion. Also, bones can be eliminated from
angiography datasets by the spectral properties of
calcium so that the evaluation of vessels becomes
easier and faster in a maximum intensity projec-
tion. Applications without contrast material in-
clude the differentiation of kidney stones and the
depiction of tendons and ligaments.

Introduction

T.R.C. JouNsoN, MD First attempts to use spectral information in computed
Department of Clinical Radiology, Ludwig-Maximilians-Uni- tomography date back to the late 1970s (AvRIN et al.
versity of Munich, Munich University Hospitals, Marchionini- ~ 1978; CHIRO et al. 1979; GENANT and Boyp 1977;
strasse 15, 81377 Munich, Germany MILLNER et al. 1979). At that time, two separate scans
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were acquired, and either projection data or recon-
structed data were post-processed. However, the lack-
ing stability of the CT density values, the long scan
times, the limited spatial resolution and the difficulty of
post-processing were the main reasons why the method
never achieved broad clinical acceptance (KeLcz et al.
1979). With the necessity to acquire both scans sepa-
rately, the use of contrast material and its differentia-
tion by dual-energy or spectral analysis were impos-
sible. Other approaches with double-layer or ‘sandwich’
detectors that aim to differentiate energies of photons
from one X-ray source have not been more successful.
This changed fundamentally with the advent of dual-
source CT (FLOHR et al. 2006; JoHNSON et al. 2007).
Of course, the technology was primarily developed to
increase the temporal resolution for cardiac imaging to
achieve reliable diagnostic coronary angiographies even
in fast or irregularly beating hearts. Quite a few clinical
studies have meanwhile proven the success of this tech-
nology in this respect (JouNsoN et al. 2006, 2007, 2007;
ACHENBACH et al. 2006; SCHEFFEL et al. 2006; LEBER et
al. 2007). But obviously, this dual-source CT also offers
the opportunity to operate both X-ray tubes at different
potentials to obtain different X-ray spectra and to use
spectral information for diagnostic purposes. Although
this idea is quite obvious, the integration is not quite as
simple.
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Fig.5.1. Spectra of the Straton tube at 140 and 80 kV potential.
The peaks represent the characteristic lines of the tungsten an-
ode and the continuous spectrum is a result of Bremsstrahlung.
The mean photon energies are 53 and 71 keV, respectively

Technical Background

One primary requirement is that the difference between
the X-ray spectra is large enough to obtain differences
in attenuation and that the amount and energy of the
applied quanta are still acceptable for diagnostic pur-
poses. Figure 5.1 shows the X-ray spectra that are ob-
tained from the Straton tubes of the Siemens Somatom
Definition when they are operated at 140 and 80 kV. The
higher energy spectrum is dominated by the character-
istic lines of the tungsten anode, while the lower energy
spectrum mainly consists of Bremsstrahlung. The mean
photon energies are 71 and 53 keV, respectively. There-
fore, these lowest and highest potentials are always used
for dual-energy acquisitions to obtain the largest pos-
sible difference between the spectra. On the other hand,
a tube voltage lower than 80 kV would not be useful
because too much of the quanta would be absorbed by
the human body, and values higher than 140 kV would
result in so little soft tissue contrast that it likely could
not contribute to a further tissue differentiation. As evi-
dent in the diagram (Fig. 5.1), the area under the curve
for equivalent tube currents differs by a factor of about
4.5, and the tube current needs to be adapted to obtain
a similar output of quanta from both tubes. Also, tube
current modulation (McCoLLOUGH et al. 2006) is es-
pecially desirable for dual-energy scanning to obtain
sufficient quanta from the 80 kV tube for dense body
regions, such as the pelvis or the shoulders in lateral pro-
jection, and the modulation has to regulate both tubes
analogously to avoid variations in the relation between
tube currents. Not only the photon output, but also the
data acquisition and processing of raw data have to be
optimized for this purpose. Apart from the photo effect,
which causes desirable differences in attenuation at dif-
ferent spectra, attenuation is mainly a result of Compton
scatter. The problem is that a significant part of the pho-
tons is scattered at an angle of about 90°, which means
that they hit the other detector of the dual-source CT
scannetr, i.e., a large part of the quanta from the 140 kV
tube contaminate the data of the detector that are sup-
posed to correspond to the 80-kV tube. Therefore, a
precise correction of cross scatter is required in order to
obtain valid dual-energy information. Also, the kernels
that are used for filtered back-projection in CT usually
blur or accentuate edges or contours in the image. How-
ever, as this effect would be different at different spectra,
this would be deleterious for spectral information. Spe-
cific dual-energy reconstruction kernels vary in sharp-
ness, but do not alter object edges.
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Fig. 5.2. Dual-Energy Index of atoms in relation to their ele-
ment number (z). The relation is unique, but only reversible up
to a value of 55

On the other hand, the object that is to be analyzed
with dual-energy techniques has to have properties that
allow a diagnostically useful differentiation. In order to
quantify the spectral behavior of different materials, a
Dual-Energy Index can be calculated independently
from the mere CT density as the relation of attenuations
of the same voxel divided by its mean attenuation at the
different tube potentials (Eq. 5.1):

U Hso — Hi40 (1)
Uso + U140

As Hounsfield units should be related linearly with at-
tenuation, the calculation can be performed based on
CT density values measured for the respective sub-
stance. However, as the definition of Hounsfield units
implies that an attenuation of 0 is reflected by a value
of -1,000 for air, the formula for the Dual-Energy Index
resolves to (Eq. 5.2):

X80 — X140
U ————— (2)
X80 + X140 + 2000

Compton scatter, which makes the largest contribu-
tion to attenuation at diagnostically relevant photon
energies, is related to the electron density and not to
the element number of the atoms under investiga-
tion (McCuLLOUGH 1975). However, the photo effect,
which also causes significant attenuation in many at-
oms, is related to their element number. As evident in
Fig. 5.2, high values apply for z-values of 53 (iodine)
or 54 (xenon). The elements that make up the human,

i.e., hydrogen (1), oxygen (8), carbon (6) and nitro-
gen (7), have low element numbers and hence do not
show a sufficient photo effect and spectral behavior that
would allow a differentiation. The low element numbers
and the lacking photo effect explain why their similar
spectral behavior is so similar (MicHAEL 1992). Bone
with its high content in calcium (20) and fat, which only
consists of hydrogen and carbon, represent tissues that
differ from others significantly, but their differentiation
from other body tissues clearly does not pose a prob-
lem in CT, although there have been approaches to use
this for the quantification of obesity or for the identi-
fication of calcifications in pulmonary nodules (CANN
et al. 1982; SVENDSEN et al. 1993). Therefore, the most
clinically useful application of dual-energy CT can be
expected for the differentiation of iodine (KRUGER et al.
1977; RIEDERER and MISTRETTA 1977; NAKAYAMA et
al. 2005), which is generally used in CT as a contrast
agent anyway and whose distribution can be masked by
the underlying tissue.

Post Processing

The post processing of the acquired projection data
primarily requires a normal image reconstruction by
filtered back-projection. The fact that the acquired pro-
jection data have an offset of ninety degrees at equal
z-axis positions means that a primary post-processing
of projection data is impossible because there are no
equivalent projections. A conceivable, but very labori-
ous workaround would be a mathematical back and for-
ward projection of the data from one detector. Another
mechanical alternative would be to move the one tube
by a quarter of the total collimated width in z-direction
for dual-energy acquisitions, which would set the foci
of the tubes onto an equal spiral path and result in
equivalent projections. The post-processing based on
reconstructed images is the feasible approach that was
primarily implemented in the system. This implies a
little disadvantage, which is that a correction of beam
hardening or streak artifacts from very dense objects,
such as metallic implants, is not as easily possible. On
the other hand, there are multiple advantages to this ap-
proach: The post-processing is a lot faster, the data can
be archived as DICOM files in a normal PACS system,
the image data can be read by normal workstations and
viewing software, the raw projection data do not need
to be stored, and a post-processing can be performed
repeatedly with variable settings.
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Fig. 5.3. Diagram of the three-material decomposition show-
ing the relation of CT densities of a voxel at 140 and 80 kVp for
different body tissues. The blue lines indicate beam hardening
by additional iodine content in a voxel

Fig. 5.4. a An 140-kVp image; b 80-kVp image acquired si- unenhanced image obtained by subtraction of the iodine map
multaneously. ¢ Map of the iodine content semi-quantified from the average image. e Average image with color-coded su-
by three-material decomposition of fat, soft tissue and iodine.  perimposition of the iodine distribution

Note that the system only works in soft tissue organs. d Virtual
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Initial trials have shown that a mere adjustment of the
window level of the images reconstructed from both
tubes is not sufficient to interactively display the diag-
nostically relevant spectral information. The post-pro-
cessing that has been perceived to work most effectively
is three-material decomposition. Figure 5.3 shows a
diagram of CT density values of the same voxel at 80
and 140kVp. For most atoms and body tissues, the at-
tenuation will show a linear behavior, i.e., the CT den-
sity values will remain close to the bisecting line. How-
ever, with beam hardening caused by substances with
high z-values such as iodine, the density will increase at
80kVp over the 140kVp value, and the voxels come off
the bisecting line. With this information, voxels that re-
main on the line can be interpreted as a mixture of two
materials, for example, fat and soft tissue in the liver. If
a voxel has an offset from the line, this can be attrib-
uted to a content of iodine, i.e., uptake of contrast mate-
rial. The displacement from the line is largely linearly
related to the iodine content, which thus can be semi-
quantified. This information can be used to color code
the iodine distribution in a CT image. Figure 5.4 shows
an example of an abdominal scan. Parts a and b show
the acquired 140 and 80kVp images; ¢ shows a map of
the iodine distribution. Of course, the beam hardening
caused by the calcium in the bone is misinterpreted as
iodine because it is not defined in the system of fat, soft

Fig. 5.5. a Color-coded lung perfusion as a result of three-
material decomposition of air, soft tissue and iodine. Note the
perfusion defect caused by the embolus in the segmental ves-
sel. b In another patient with chronic recurrent pulmonary

tissue and iodine. Part d show the result of a subtraction
of ¢ from the average of a and b, i.e., the iodine-related
density has been removed, and the result is a virtually
unenhanced image. This approach may be applied to
discard unenhanced scans. Apart from the reduced ra-
diation exposure, the advantage is that a misregistration
due to different breathing positions is impossible. Part
e shows the color-coded iodine distribution superim-
posed on the normal average image.

Clinical Applications

Due to the high dual-energy index of iodine, the map-
ping of the iodine distribution offers a high signal-to-
noise ratio without the necessity to invest more doses
compared to a routine protocol for the respective body
region. There are multiple possible applications of this
technique, among them the mapping of lung perfusion,
the assessment of iodine distribution in the liver paren-
chyma or in unclear masses. Figure 5.5a shows the color-
coded perfusion of the lungs. The segmental defect corre-
sponds to an occlusive segmental pulmonary embolus in
this patient. In part b, small peripheral perfusion defects
indicate recurrent subsegmental thromboembolism,

embolism, a patchy perfusion with multiple small subpleural
defects can be shown, although no emboli are evident in the
corresponding vessels
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Fig.5.6. The color coding of the iodine distribution confirms

that the exophytic cortical mass represents a hemorrhagic cyst
and not perfused tissue

which can be diagnosed as the cause of pulmonary hyper-
tension for this patient. Figure 5.6 shows a kidney lesion
with a high density of 70-80 HU. The iodine map shows
that this lesion does not contain iodine and can thus be
attributed to a hemorrhagic cyst. Similar to iodine, xe-
non gas can be differentiated and can be used to map
lung ventilation, which has also been shown in initial tri-
als (WINKLER et al. 1977; HorrmMAN and CHON 2005).
An attractive application of dual-energy differentia-
tion is the separation of bones and iodine in angiography
datasets so that a display of a maximum intensity projec-
tion makes a fast and easy assessment of large datasets
feasible. Although iodine has a high dual-energy index,
the calcium in the bone behaves somewhat similarly so
that the difference between both is limited. However, ad-
ditional factors can be taken into account to differentiate
bones and vessels to reduce mis-assigned voxels. In the
algorithm that has been implemented for this purpose,
an averaging over several voxels is used to more reliably
identify the course of vessels, and the three-dimensional
area over which the algorithm averages is not uniformly
round, but prefers areas in which there are other vox-
els with an iodine-like spectral behavior. Additionally,
mixed voxels of fat and bone, which can have a simi-
lar spectral behavior, are identified by their inhomo-
geneous, broad configuration. With these refinements,
a quite reliable bone removal is feasible, as evident in
Fig. 5.7, showing a carotid angiography in part a and an
angiography of the run-off vessels in part b.

Fig. 5.7. a With the automatic dual-energy bone removal,
an angiography of the cerebral vessels can be evaluated eas-
ily on maximum intensity projections. b Similarly, a runoff

angiography can be primarily assessed on one maximum in-
tensity projection




Dual-Energy CT-Technical Background

n

Fig. 5.8. a The calculus in the right ureter is color coded in red, indicating that it consists of uric acid. b A caliceal stone of an-

other patient is shown in blue to indicate that it is calcified

Fig.5.9. The tendons of the wrist can be differentiated by dual-
energy CT and displayed without other surrounding soft tissue

Apart from the applications that exploit the spec-
tral properties of iodine, there are a few other algo-
rithms. One can differentiate different types of kidney
stones by their spectral properties. While uric acid has
a low dual-energy index, other calculi have a stronger
beam-hardening effect. Thus, these calculi can be dif-
ferentiated in spite of their similar CT density. Figure
5.8 shows an in-vivo example of a uric acid calculus in
the ureter encoded red in part a and a calcified stone
in the lower caliceal group encoded blue in part b. The
identification of uric acid is even possible in gout tophi
(JouNsoON et al. 2007). Another application is based on
the observation that collagen-containing tissues do have
dual-energy properties. The exact physical correlate is,
to the best of my knowledge, not clear. A possible expla-
nation is the dense packing of the unique hydroxy-pro-
line and hydroxy-lysine amino acids in the side chains
of the collagen molecule. By their spectral properties,
collagen-containing structures can be differentiated and
depicted without surrounding soft tissue. As shown in
Fig. 5.9, this works well for most tendons. However, lig-
aments are frequently too thin to display them in their
full continuity. Thus, the clinical value of this applica-
tion remains to be further investigated. Among other
potential applications is the differentiation of iron or
copper in the liver parenchyma to quantify the overload
of the respective metal in hemochromatosis or Wilson’s
disease (CHAPMAN et al. 1980; GOLDBERG et al. 1982;
OEsLckKERS and GRAEFF 1996). However, it has been
shown that the quantification of iron only works reliably
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with a normal fat content in the liver, i.e., in the absence
of steatosis (WANG et al. 2003; MENDLER et al. 1998),
which can usually not be assumed in patients with this
disease. Still, the method should be useful to differen-
tiate local fatty infiltration from other hypodense liver
masses (RAPTOPOULOS et al. 1991).

Radiation Exposure

Regarding radiation exposure, dual-energy CT does not
require a higher patient dose than a routine CT scan of
the same body region. It is possible to tailor the tube
current so that the dose from both tubes matches that
of a routine single source CT protocol (JOHNSON et al.
2007). The dual-energy information is affected more by
the noise than the normal CT image because it is de-
rived from the individual images acquired at 140 and
80kVp at half dose. Therefore, the noise could of course
be reduced, and the results of most applications could
be improved significantly if a higher dose was applied,
but this seems hard to justify as long as the additional
spectral information represents additional, not primar-
ily requested diagnostic information.

Summary

In summary, dual-energy CT offers the possibility to
exploit spectral information for diagnostic purposes in
routine clinical examinations. The mapping of iodine
distribution in the lung, liver or kidneys and the bone
removal from angiography datasets can be regarded as
very promising applications. The differentiation of kid-
ney stones represents another clinically useful imple-
mentation.
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ABSTRACT

The development of computed tomography of the
heart is still making rapid progress regarding the
applied radiation dose. The peak of dose exposure
has been reached with 10 to 15 mSv in 64-slice
CTCA with a standard protocol (120 kV, 800
mAS.s, 0.2 pitch). New inventions like dual-source
CT decrease the dose to 8 mSv. Initial data from
prospectively gated CT scans promise even less
dose exposure in the range of 3 mSv. However, ba-
sic underlying facts of dose optimization in cardiac
CT remain of great importance. The effective dose
in women is generally higher than in men, because
radiation sensitive breast tissue is inevitably within
the scan range. ECG-controlled tube current mod-
ulation (ECTCM) significantly lowers the effective
dose. Efficacy of ECTCM up to the introduction of
dual-source CT benefits from lowering the heart
rate with f3-blockers. Exact planning of a cardiac
examination can help to shorten scan length and
directly save radiation. A milestone in argumenta-
tive discussion will be reached if the effective dose
of a cardiac scan consistently lies below 5 mSy, the
alleged dose of a diagnostic catheter angiography
of the coronary arteries.

Introduction

Examinations of the heart and the coronary arteries with
multislice CT (computed tomography coronary angiog-
raphy, CTCA) require high standards of temporal and
spatial resolution for optimal diagnostic imaging. Com-
paratively high exposure of ionizing radiation is due to
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a low pitch value, which depends on the demand for
fast gantry rotation speeds (PRIMAK et al. 2006). Unlike
in other multislice examinations, data of overlapping
slices cannot be used to improve image quality. Typi-
cally, estimated dose values given in the literature range
from 8-20 mSv for 16- and 64-slice CT (EINSTEIN et al.
2007). In Table 6.1, a selection of effective dose values
is presented.

The increased reliability of cardiac CT has led
to new indications, such as assessment of coronary
artery bypass grafts or chest pain protocols, increas-
ing the number of examinations (PACHE et al. 2006;
d’AcosTINO et al. 2006; JoHNSON et al. 2007). From

early on, dose reduction mechanisms have been used
to reduce radiation, most importantly the adapta-
tion of tube current according to the patient’s cardiac
cycle. With new generation CT scanners, much focus
was placed on the radiation-saving aspects of cardiac
examinations.

All mentioned radiation dose estimates in this arti-
cle refer to the coronary angiography part of the exami-
nation of the heart. However, in many cases a calcium
scoring scan precedes CTCA. The scan can be executed
with prospective gating; the dose ranges between 0.5
and 1.8 mSv (FLOHR et al. 2003; TRABOLD et al. 2003;
PoLL et al. 2002). Of note, in case of severe coronary

Table 6.1. Selection of effective dose values taken from the literature

Author, year Without ECTCM With ECTCM
[mSv] [mSv]
16-slice CT
TrABOLD 2003 8.1 (m) 4.3 (m)
10.9 (f) 5.6 (f)
HonL 2006 8.2-12.1
HAUSLEITER 2006 106 £1.2 6.4 + 0.9 (120kV)
5.0 £ 0.3 (100kV)
CoLEs 2006 13.5-14.5
Fronr 2003 6.8-7.1 (m)
10.1-10.5 (f)
64-slice CT
RAFF 2005 13 (m)
18 (f)
HAUSLEITER 2006 148 +1.8 9.4 + 1.0 (120kV)

5.4 + 1.1 (100kV)

DS-CT

STOLZMANN 2007 8.8+0.7

7.8 = 1.1 MinDose

ECTCM = ECG tube current modulation; m = male; f = female

Comments

Dose estimation method

Alderson-Rando-Phantom 60 bpm
scan length 10 cm
400 mAs

Table feed: 5.7 mm/2.8 mm

ImpactDose 80 bpm
scan length 12 cm
100-120 kV

550-600 mAs

Conversion factor 60 bpm
Scan length 12.5 cm

100-120 kV

60 bpm
Scan length 15 cm
500-550 mAs

ImpactDose

WinDose 2.0 a Scan length 10 cm

500-555 mAs

Not stated

Conversion factor 60 bpm
Scan length 12.5 cm

100-120 kV

Conversion factor 70 + 17 bpm

Scan length 12.4 cm

2 x 350 mAs

MinDose = minimal mAs

4% of maximum
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calcifications, which may hamper image quality in such
a way that a diagnostic evaluation becomes impossible,
the angiography scan can be omitted, and the unneces-
sary radiation can be avoided.

Dose Estimation:
Nomenclature and Methods

6.2.1
Terms for Expressing Radiation Dose

The terms most commonly employed for expressing
radiation dose exposure in daily practice are computed
tomography dose index in a predefined volume (CT-
DI,,) denoting dose in Gray (Gy), dose-length-product
(DLP), which is computed by multiplying CTDI with
scan length, and effective dose, which is measured in
Sievert (Sv). The former two parameters are commonly
displayed on the scanner console. The CTDIL, value is
useful for comparing different scanning protocols. The
effective dose is the sum of the dose of the exposed or-
gans, weighted by radiation sensitivity. This is not rou-
tinely done for every scan, but is the only way to com-
pare the dose of different modalities. Effective dose in
computed tomography is always an estimated value and
cannot be assigned to an individual patient. The under-
lying principles stem from phantom measurements and
mathematical simulation models (Monte Carlo simula-
tion). Details regarding these underlying concepts have
been reported elsewhere (EINSTEIN et al. 2007; MORIN
et al. 2003; GERBER et al. 2005).

6.2.2
Estimating Effective Dose

Effective dose of a particular examination is typically
estimated by one of the following three different meth-
ods. In many cases, a region-specific conversion factor
is multiplied with the DLP to obtain a dose value. For
cardiac examinations, a conversion factor of 0.017 has
been suggested by the European Guidelines on Qual-
ity Criteria for Computed Tomography (MENZEL et al.
2000). This leads to a gender-averaged effective dose
value. Secondly, a computer program based on Monte
Carlo simulations, such as CT-EXPO or ImpactDose,
can be employed (VAMP GmbH, Erlangen, Germany)
(Stamm and NAGeL 2002). Thirdly, the dose can be
physically measured with the help of a phantom (TrA-
BOLD et al. 2003; McCOLLOUGH et al. 2007).

Strategies for Reducing
Dose Exposition in Cardiac CT

6.3.1
Scan Coverage

One of the easiest ways to reduce radiation dose is cor-
rect planning of the examination. In 64-slice cardiac
CT, for example, 1 cm of scan length equals between
0.5 to 1 mSv of effective dose for the patient. A typical
scan should start at the tracheal bifurcation and end be-
neath the heart. Anatomical information from the cal-
cium scoring scan prior to the CTCA examination can
be used to increase the exactitude of the scan (Fig. 6.1).
Scan lengths in cardiac CT may range from 8-14 cm,
but can ascend to more than 20 cm in patients with cor-
onary bypass grafts.

6.3.2
ECG-Controlled Tube Current Modulation

Modulation of tube current according to the patient’s
cardiac cycle (ECTCM) is a standard method of re-
ducing radiation in cardiac CT. JakoBs et al. (2002)
described this method in detail. Since the heart moves
least during diastole, in most cases it is sufficient to
collect information at the end of the heart cycle, typi-
cally in an interval of 40 to 80% relative to the R-wave.
Technical refinements have rendered faster alternations
between high and low tube current possible, as well as
significantly lower minimal tube current during systole
(McCoLLouGH et al. 2007). With this technique, the
radiation dose can be reduced by 30 to 50%. The effect
is lesser in higher heart rates because of shortened sys-
tole (PoLL et al. 2002) (Fig. 6.2).

6.3.3
Low-Dose Protocol
and Adaptation to Patient Morphology

The use of low-dose protocol for cardiac CT has been
described in the literature with a variety of approaches
(HAUSLEITER et al. 2006; PauL and ABapa 2007;
d’AGoSTINO et al. 2006; JuNG et al. 2003; ABADA et al.
2006). As tube current directly increases the effective
dose, it should be set as low as image quality allows.
Lowering voltage can also decrease dose, approximately
to the voltage squared. When lowered values for tube
current and voltage are used, the patient morphology
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Fig. 6.1. Planning of CTCA. Left: Start of scan too high. Middle: Correct height for the beginning of the scan. Right: Shows vis-
ibility of coronary arteries in calcium scan

should be taken into consideration. This can either be
done with a weight or body mass index approach (JunG
et al. 2003; ABADA et al. 2006), or by measuring image
noise (PAUL and ABADA 2007).

6.3.4
Non-Spiral Scanning and Prospective Gating

A new method to acquire cardiac images with reduced
radiation has been proposed by HsiEH et al. (2006). In-

stead of helical scanning, a prospective gated step-and-
shoot (“SAS”) approach is used, combined with a new
reconstruction algorithm. This is made more practical
by wider detectors, culminating in the 320-row scan-
ner with 16-cm detector width (AquillionOne, Toshiba,
Japan). Initial experience demonstrates that dose val-
ues lower than 3 mSv seem possible at low heart rates
(HusMANN et al. 2008). With prospective gating, the
radiation dose is applied during diastole only, while a
sequential scanning mode avoids unnecessary radiation
due to overranging.
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Fig. 6.2. Correlation between dose/cm and heart rate in 41
patients with ECTCM (Siemens Somatom 64)

6.3.5
Adaptive Pitch

In most CTCA examinations, a low pitch of around 0.2
is used to ensure gapless coverage of the entire heart in
the phases of the cardiac cycle (PrIMAK et al. 2006).
Doubling the pitch of an examination reduces the ra-
diation dose by half. For the dual-source CT scanner,
the use of adaptive pitch was first described by McCoL-
LOUGH et al. (2007). Since the higher temporal resolu-
tion of up to 83 ms allows the usage of a single segment
reconstruction even in patients with higher heart rates,
the pitch can be increased up to 0.5. This may result in
a significant dose reduction of up to 50% compared to
64-slice CT.

Implications of Dose Exposition in Cardiac CT

The implications of performing cardiac CT and the cor-
responding radiation dose exposure are a complex is-
sue with many health policy aspects. Some authors have
tried to shed light in those topics. CoLEs et al. (2006)
performed a comparison between 16-slice CTCA and
conventional angiography in 91 directly comparable pa-
tients. The dose applied in CTCA of 14.7 £ 2.2 mSv was

significantly higher than in conventional angiography
(CA) (5.6 + 3.6 mSv). He states, “A coronary CT angio-
gram with an effective dose of 14.7 mSv has a risk of
inducing a fatal cancer of 1 in 1,400. Conventional cor-
onary angiography (5.6 mSv) has a risk of 1 in 3,600...”
ECTCM was not used, and the scan length was 15 cm.

ZANZONICO et al. (2006) compare CTCA and con-
ventional angiography by first evaluating the lifetime
risk of death by cancer based on Coles” data and then
adding risk of death of interventional angiography as
calculated by Noto et al. (1991). The final values for
mortality are 0.07% of CTCA versus 0.13% of CA.

EINSTEIN et al. (2007) estimate a lifetime attributable
risk of cancer incidence (LAR) based on the BEIR VII
report (COMMITTEE TO AssEss HEALTH Risks FROM
ExPOSURE TO Low LEVELS OF IONIZING RADIATION
2006) for 64-slice CTCA with Monte Carlo simulations
of male and female patients. According to these estima-
tions, the LAR of a 20-year old woman equals 1 in 143,
while an 80-year-old man only suffers a LAR of 1 in
3,261. The estimated LAR of a 60-year-old woman and
man were 1 in 466 and 1 in 1,241, respectively, which
resembles that of more typical patients for CTCA. The
use of ECTCM reduced this LAR to 1 in 715 and 1 in
1,911, respectively.

The methodology leading to the presented risk es-
timates has serious limitations. Firstly, the risk models
are based on extrapolated data of the consequences of
radiation exposure, and secondly, the applied Monte
Carlo methods use standardized geometrical phantoms
not corresponding to different types of patient mor-
phology. However, as Einstein states, “...this study pro-
vides a simplified approach, albeit one that we believe is
the best available from current data”

Conclusion

The development of computed tomography of the heart
is still making rapid progress regarding the applied
radiation dose. The peak of dose exposure has been
reached with 10 to 15 mSv in 64-slice CTCA with a
standard protocol (120 kV, 800 mAs.s, 0.2 pitch). New
inventions such as dual-source CT decrease the dose to
8 mSv. Initial data from prospectively gated CT scans
promise even less dose exposure. However, basic under-
lying facts of dose optimization in cardiac CT remain of
great importance. The effective dose in women is gen-
erally higher than in men, because radiation-sensitive
breast tissue is inevitably within the scan range. ECG-
controlled tube current modulation significantly low-
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ers the effective dose. The efficacy of ECTCM up to the
introduction of dual-source CT benefits from lowering
the heart rate with 3-blockers. Exact planning of a car-
diac examination can help to shorten scan length and
directly save radiation.

Existing studies on low-dose protocols reveal inter-
esting possibilities to reduce radiation exposure. The
more widespread use of those protocols could be pro-
moted when included in scanner software combined
with automatic noise measurements or mandatory en-
tering of patient weight and height.

While computation of an individual’s radiation in
computed tomography is not possible, the implications
and possible biological and epidemiological effects of
exposure to ionizing radiation will remain a point of
heated discussion and complex statistical analysis. A
milestone in argumentative discussion will be reached
if the effective dose of a cardiac scan consistently lies
below 5 mSy, the alleged dose of a diagnostic catheter
angiography of the coronary arteries.
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ABSTRACT

In screening procedures, a test is offered to asymp-
tomatic persons in order to detect either risk fac-
tors for developing a disease or the disease itself
at an early stage where an efficient treatment may
improve outcome and prognosis. However, if ra-
diological imaging procedures are used as screen-
ing tools, some risk due to the exposure to ionizing
radiation is inhered. Although radiation risks at
low exposure levels have a hypothetical charac-
ter, this issue has to be thoroughly evaluated since
asymptomatic persons are involved. This can be
done by estimating the lifetime attributable risks,
LAR, based on radiation risk models recently pub-
lished by the BEIR VII committee. To exemplify
the impact of radiation risk due to CT screening,
the LAR for four specified CT screening scenarios
(calcium scoring, virtual colonoscopy, lung cancer,
and whole body screening) were calculated indicat-
ing considerable radiation risks that should not be
neglected from a radiation protection perspective.
On the other hand, there are, to date, no valid data
from randomized controlled trials demonstrat-
ing a benefit, i.e. a significant reduction in cancer
mortality due to CT screening. Scientific evidence
is, therefore, at present, insufficient to recommend
organized CT screening programmes.

YA
Introduction

Medical X-ray exposures have been by far the largest
man-made source of population exposure to ionizing
radiation in industrialized countries for many years.
Recent developments in medical imaging, particularly
with respect to computed tomography (CT), have led
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to rapid increases in the number of relatively high-dose
X-ray examinations performed, with significant conse-
quences for individual patient doses and for the collec-
tive dose to the population as a whole. It is therefore
important for the radiation protection and healthcare
authorities in each country to make regular assessments
of the magnitude and distribution of this large and in-
creasing source of population exposure. In Germany,
the Federal Office for Radiation Protection (BfS) has
been collecting and evaluating data for medical radia-
tion exposure of the general population for many years.
The predominant objectives of the population dose as-
sessment are to observe trends in the annual collective
dose and the annual average per caput dose from medi-
cal X-rays with time, and to determine the contribu-
tions of different imaging modalities and types of ex-
amination to the total collective dose from all medical
X-rays. The most recent German survey reveals a steady
increase in the annual collective effective dose per caput
between 1996 and 2004 (see Fig. 7.1). From Fig. 7.2,
which relates to the survey in 2004, it can be concluded
that this increase is mainly caused by CT, which con-
tributes more than 50% to the collective effective dose.

Radiological imaging techniques always pose some
radiation risk of adverse health effects to patients or - in
the case of screening and preventive diagnosis — asymp-
tomatic persons. Therefore, benefit risk considerations
are of major concern. In this context, two applications
of CT can be distinguished. The first one refers to CT
being performed in a patient within the scope of medi-
cal diagnosis or treatment, i.e., within healthcare. The
second one refers to CT screening procedures per-
formed in asymptomatic persons.

In case of CT being performed within the scope
of healthcare, multi-slice CT provides fascinating new
capabilities for diagnosis and therapy management of
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Fig. 7.1. Annual per caput effective dose (mSv) due to X-ray
procedures in Germany for 1996 to 2004

patients. Like all medical exposures, CT has to be jus-
tified on an individual basis by offsetting the radiation
risk for the patient with the usually very substantial
benefit from improved diagnosis by CT leading to more
effective treatment. Furthermore, from a public health
perspective, it has to be taken into account that medical
radiation exposures do not affect the entire population.
Instead, only a small fraction of the population receives
a medical exposure in any year, in particular elderly and
severely ill persons. For a significant fraction of these
patients, the life expectancy - and thus their risk to de-
velop a clinically manifest radiation-induced cancer - is
shorter than that of the general population. Therefore,
for the healthcare scenario, the justification process is
usually based on sound arguments. In the following,
special emphasis will, thus, be placed on the benefit and
the radiation risk associated with CT screening proce-
dures.

7.2
Screening for Diseases

In the past, health strategies focused on individual pa-
tients presenting to a medical doctor with recognized
symptoms. Screening fundamentally deviates from this
clinical model of care, because apparently healthy indi-
viduals are offered a test. An effective screening detects
either risk factors for developing a disease or the dis-
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Fig. 7.2. Relative frequencies (upper panel) of various X-ray
examination categories and their relative contribution to the
collective effective dose (lower panel) in Germany in 2004
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ease itself at an early stage where treatment can improve
clinical outcome. The aim is to identify those individu-
als who are more likely to be helped than harmed by
further diagnostic tests or treatment (BRITISH MEDICAL
AssocIATION 2005). Organized screening programs
systematically invite all members of a certain popula-
tion to take a screening test. For example, several breast
screening programs in Europe were established where
all women in a given population, for instance, between
50 and 69 years of age, routinely receive invitations to
have an X-ray mammography. These programs are evi-
dence based and meet stringent quality requirements
(IARC 2002).

It is important to distinguish from these organized
screening programs more informal arrangements
where clinical guidance and/or patient choice results
in an ad hoc screening (“opportunistic screening” or
“individual screening”). The most prominent example
is whole-body CT screening, which is promoted - espe-
cially in the USA (FENTON and DEYO 2003) - by private
providers in the last years. Up to now, opportunistic
CT screening may not play a dominant role in medi-
cal exposures. However, this could change dramatically
within the next years, if CT screening is extensively ad-
vertised by providers and - as a consequence - is widely
accepted by the public. This kind of advertisement must
be critically questioned as long as there is a lack of evi-
dence supporting the screening procedures on offer,
because opportunistic screening potentially puts indi-
viduals at risk. This is especially the case as the service is
unlikely to be properly quality assured or coordinated.
Furthermore, in an opportunistic screening, individuals
are unlikely to receive sufficient information to enable
them to make an informed decision as to whether or
not to undertake the screening test.

Even for well-established screening programs, the
ratio between benefits and undesired adverse health ef-
fects can be unfavorable. Due to the typically low preva-
lence of serious diseases in an asymptomatic population,
the vast majority of individuals undergoing screening is
not affected by the disease. These individuals do not de-
rive a direct health effect, but can be harmed.

The adverse effects most relevant to any screening
are false-positive results and overdiagnosis. False posi-
tives potentially may cause psychological impairment
and/or physical harm because they lead to unnecessary
interventions, such as biopsy. The term overdiagnosis
refers to lesions detected by a screening procedure that
never would have led to a clinically meaningful dis-
ease (e.g., invasive cancer) and death (MEISSNER et al.
2004).

The ultimate objective of screening for a specific
disease is to reduce mortality from that disease in the

target population (MEISSNER et al. 2004). Even if a
screening program is able to identify many persons
with the disease in a pre-clinical state, it will have little
public health impact if early diagnosis and treatment do
not affect mortality of these cases. At the early phase of
follow-up of a screening study or program, surrogate
parameters, such as stage distribution at diagnosis and
survival (case fatality), are commonly used to evaluate
the success of screening. However, although absence of

a change in these parameters may mean that a screening

is not effective, a positive change does not provide an

adequate measure of evaluation due to length bias, lead-
time bias, and overdiagnosis bias (D0os SANTOS SiLva

1999). Length bias refers to the phenomenon that the

distribution of cases detected by screening (i.e., in an

asymptomatic population) is not necessarily identical to
the distribution of cases in a symptomatic population,
because in a screening population a larger part of the
cases might be those that are slow growing, i.e., those
with a long pre-clinical phase potentially having a more
favorable prognosis resulting in favorable survival com-
pared to those cases detected by clinical symptoms (pos

SAaNTOS S1LvA 1999). The lead-time is the time by which

diagnosis is extended due to screening, i.e., the interval

between the time when the disease can be first diag-

nosed by screening and the time when it is usually di-

agnosed in patients presenting with symptoms. Even in

case the early detection of the disease does not translate
into longer life, the time interval between diagnosis and
death, and thus survival, will nevertheless automatically
be enhanced by screening (= lead-time bias). Therefore,
survival is not the appropriate quantity to demonstrate

a screening benefit except if a reliable estimate of the

lead-time exists and can be accounted for (DOs SANTOS

StLva 1999).

Large randomized controlled trials (RCT) with
long follow-up are considered to be the gold standard
to demonstrate a significant mortality reduction due to
screening.

Predominantly the following CT screening proce-
dures are discussed at present:

1. Lung CT for early detection of lung cancer, in par-
ticular in smokers and asbestos workers (I-ELCAP
INVESTIGATORS 2006, BLAcCK et al. 2006, BACH et
al. 2007);

2. Virtual CT colonoscopy for early detection of intes-
tinal polyps (which might be pre-cancerous lesions)
and colorectal cancer (MULHALL et al. 2005);

3. CT quantification of coronary artery calcification
(which is considered as sensitive marker of arterio-
sclerosis) (WAUGH et al. 2006);

4. Whole-body CT, particularly for early detection of
cancer (ILLES et al. 2003).
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7.2.1
Lung Cancer Screening

In 2002, lung cancer was the second most common can-
cer in men, the third most common cancer in women,
and the most common cause of cancer-related death in
men in Western and Northern Europe (FERLAY et al.
2004). The major risk factor for lung cancer is cigarette
smoking. In Europe, smoking tobacco is responsible
for about 90% or 60% of lung cancer cases in men or
women (SIMONATO et al. 2001). Lung cancer has one of
the lowest survival outcomes of any cancer because the
majority of cases are diagnosed at a late stage. In Ger-
many, for example, the relative 5-year lung cancer sur-
vival rate (i.e., adjusted for the normal life expectancy
of the general population) is around 12% for men and
about 14% for women. To improve the survival rates,
early detection of lung cancer is thus considered to be
very important.

Lung cancer is the only site where RCTs are per-
formed to find out whether a benefit of CT screening
exists. There are two RCTs, the National Lung Screening
Trial (NLST) sponsored by the National Cancer Insti-
tute of the United States (CHURCH 2003) and the NEL-
SON trial from the Netherlands/Belgium (VAN IERSEL
et al. 2007). The NLST is comparing spiral CT and stan-
dard chest X-ray for detecting lung cancer. The study
opened for enrollment in September 2002 and closed
in February 2004. By February 2004, nearly 50,000 cur-
rent or former smokers had joined NLST at more than
30 study sites across the USA. However, results are not
expected before 2010. The NELSON trial started in Au-
gust 2003 and intends to show whether screening for
lung cancer by multi-slice low-dose CT in current or
former smokers (about 20,000 participants) will lead to
a 25% decrease in lung cancer mortality. Results are not
expected before 2015.

Besides these RCTs, there are several feasibility
studies (mainly on risk patients like smokers/ex-
smokers) from the USA, Japan, and Europe on lung
cancer CT screening. Most of them reported on shifts
towards less advanced stages and improved survival
rates.

A recently published report of the International
Early Lung Cancer Action Program (I-ELCAP 2006)
contributes substantial data concerning the clinical ef-
fectiveness of CT lung cancer screening. The I-ELCAP
involved about 32,000 asymptomatic persons who
were at increased risk for lung cancer (mostly current
or former smokers). It was concluded by the authors
that annual spiral CT screening has the potential to
detect lung cancer that is curable: among participants

in the study who received a diagnosis of lung cancer
based on spiral CT screening and a resulting biopsy, 85
percent had stage I lung cancer. The statistically esti-
mated 10-year survival among these patients was 88%.
However, as mentioned above, this cannot be taken
as proof that CT screening for lung cancer decreases
mortality.

Other reports also demonstrate limitations of lung
cancer screening by CT (BAcH et al. 2007; DIEDERICH
et al. 2004). BacH et al. (2007) concluded from an
analysis of asymptomatic current and former smokers
screened for lung cancer that screening may increase
the rate of lung cancer diagnosis and treatment (i.e.,
overdiagnosis), but may not significantly reduce lung
cancer mortality.

7.2.2
Colorectal Cancer Screening

Colorectal cancer is the third most common cancer, and
the third and second leading cause of cancer death in
Northern and Western Europe (FERLAY 2004). In case
of colorectal cancer, the rationale of early detection is
that the disease itself can be prevented by the detection
and removal of benign, neoplastic adenomatous pol-
yps (adenomas), from which more than 95% of cancers
arise (BoND 2000). Besides, early diagnosis of colorectal
cancer increases survival rates considerably. It has been
demonstrated that fecal occult blood (FOB) screening
can significantly reduce mortality and morbidity from
colorectal cancer (SCHOLEFIELD et al. 2002), although
FOB testing often fails due to false-negative or false-
positive results. Alternatively, examination with use of
optical colonoscopy is recommended by many orga-
nizations. In Germany, for example, FOB testing from
age 45 and two colonoscopies at ages 55 and 65 are part
of the national program for early diagnosis of cancer.
Another tool for colorectal cancer screening is double
contrast barium enema.

Yet, there is low public acceptability of screening for
colorectal cancer by colonoscopy, and a higher rate of
patient compliance can be expected with CT colonos-
copy (GLUECKER et al. 2003), although the patient must
undergo a colonic preparation, as with double-contrast
barium enema or colonoscopy. Besides, if polyps or tu-
mors are diagnosed by CT, conventional colonoscopy
is required to verify the diagnosis, to obtain a biopsy
sample, and to remove them.

There is no published evidence from RCTs ex-
amining the effectiveness of CT colonoscopy. Yet, CT
colonoscopy has been evaluated by several comparisons
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with conventional colonoscopy and compares favorably
in terms of detecting clinically relevant lesions, i.e., pol-
yps at least 8 mm in diameter (PICKHARDT et al. 2003).
The detection of polyps of less than 5 mm in diameter
on virtual colonoscopy and subsequent matching on
optical colonoscopy are both unreliable. However, there
appears to be a majority opinion that colonic polyps of
less than 5 mm in diameter should be regarded as clini-
cally insignificant (PICKHARDT et al. 2003). PICKHARDT
et al. (2003) evaluated that, in case of virtual colonos-
copy, 8 mm might be a reasonable threshold for an in-
tervention by optical colonoscopy. Patients with lesions
of about 5 to 7 mm could receive short-term follow-up
by virtual colonoscopy (in intervals of 2 to 3 years). All
other patients could undergo routine follow-up (in in-
tervals of 5 to 10 years).

7.23
Calcium Scoring

Quantification of coronary artery calcification (CAC)
can identify patients with an increased risk of coronary
artery disease (GREENLAND et al. 2004), which ranks
among the leading causes of death in Western coun-
tries. In symptomatic patients, calcium scoring can be
used to confirm a suspected diagnosis in order to de-
cide on the appropriate treatment and on secondary
prevention. On the contrary, in asymptomatic persons,
the long-term risk of coronary artery disease shall be
assessed. This might be helpful especially for those per-
sons at intermediate risk where clinical decision mak-
ing is most uncertain (GREENLAND et al. 2004). Several
studies assessed the association between CAC scores on
CT and cardiac events in asymptomatic people. How-
ever, it remains unclear whether CT screening for CAC
would provide sufficient extra information over risk
factor scoring (e.g., via Framingham risk scores) for it
to be worthwhile (WAUGH et al. 2006).

7.2.4
Whole-Body Screening

To date, there is no scientific evidence demonstrating
that whole-body CT of asymptomatic persons provides
more benefit than harm. Whole-body CT screening is
controversially discussed (BEINEELD et al. 2005). There
are few firm data on which to base the potential ben-
efit of whole-body CT. A retrospective study evaluated
the frequency and spectrum of findings reported with
whole-body CT (FurTapO et al. 2005). On average,

2.8 suspect findings per patient were detected, most of
them benign, and in 37% of cases additional tests were
necessary for further clarification.

7.3
Health Effects Induced by lonizing Radiation

Exposure to ionizing radiation may lead to early or late
health effects, which may be either stochastic or non-
stochastic. A non-stochastic effect is an effect where the
severity increases with increasing dose (e.g., damage of
the skin: erythema at low doses, severe tissue damage at
high doses). A stochastic effect, on the other hand, is an
effect where the severity is independent of dose, but the
probability of inducing the effect does increase with in-
creasing dose. Examples for stochastic effects are cancer
or hereditary disorders. In the following, only cancer
induction is considered.

Cancers caused by ionizing radiation occur several
years after the exposure has taken place. They do not
differ in their clinical appearance from cancers that are
caused by other factors. A radiation-induced cancer
cannot be recognized as such, and it is only by means of
epidemiological studies that increases in the spontane-
ous cancer incidence rates of irradiated groups can be
detected. Ionizing radiation is the carcinogen that has
been most intensely studied.

Increased cancer rates have been demonstrated in
humans through various radio-epidemiological stud-
ies at moderate or high doses, i.e., organ or whole-body
doses exceeding 50 to 100 mSv, delivered acutely or over
a prolonged period.

The so-called Life Span Study (LSS) of the survivors
of the atomic bombings in Hiroshima and Nagasaki
is the most important of these studies (PRESTON et al.
2007). The follow-up of the atomic bomb survivors has
provided detailed knowledge of the relationships be-
tween radiation risk and a variety of factors, such as ab-
sorbed dose, age at exposure, age at diagnosis, and other
parameters. The LSS provides data with good radio-ep-
idemiologic evidence due to the large size of the study
population (about 86,600 individuals with individual
dose estimates), the broad age- and dose-distribution,
the long follow-up period (about half a century), and
an internal control group (individuals exposed only at
a minute level or not at all) (BEIR VII 2006). The LSS
is, therefore, generally used for predicting radiation-
induced risks for the general population.

However, radiation risk estimates are not merely
based on the follow-up of the atomic bomb survivors.




88

EA. Nekolla, J. Griebel and G. Brix

They are also largely supported by a multitude of
smaller studies, mostly on groups of persons exposed
for medical reasons, both in diagnostics and therapy
(BEIR VII 2006).

There is considerable controversy regarding the
risk of low levels of radiation, typical for diagnostic
radiation exposures, since radiation risks evaluated
at low dose levels are not based on experimental and
epidemiological evidence. Given this lack of evidence,
estimates on risk, derived from high doses, have been
extrapolated down to low dose levels by various sci-
entific bodies, including the International Commis-
sion on Radiological Protection (ICRP), the United
Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR), and the BEIR (Biological
Effects on Ionizing Radiation) committee. Estimates
on risk per unit of dose have been derived using the
so-called linear, non-threshold (LNT) hypothesis,
which is based on the assumptions that
1. any radiation dose — no matter how small - may

cause an increase in risk and
2. the probability of this increase is proportional to the

dose absorbed in the tissue.

Although the risks evaluated at low dose levels are
hypothetical, a majority of scientists recognize the
assumption of linearity as a pragmatic guideline
adopted in the absence of scientific certainty. It is for
this reason that current radiation protection standards

as well as risk assessments are generally based on the
LNT hypothesis.

For extrapolating results from high dose-rate expo-
sures to low dose-rate situations, the so-called dose and
dose-rate effectiveness factor, DDREF, can be applied.
ICRP estimated the DDREEF to be 2, i.e., for low doses
and dose protraction, risk estimates are to be reduced by
a factor of 2 (ICRP 1991). UNSCEAR and the BEIR VII
committee suggested a DDREF of 1.5 (UNSCEAR 2000,
BEIR VII 2006). In the risk estimates presented below,
no DDREF adjustment was made.

7.3.1
Assessment of Radiation Risks

The risk estimates proposed by ICRP (1991) and UN-
SCEAR (2000) - for use in radiation protection — pro-
vide simple and robust estimates for the lifetime excess
risk to die from radiation-induced cancer. But they fa-
cilitate only an overall, not an organ-specific estimate
and are aimed at age- and gender-averaged groups of
persons, such as the working population or the whole
population of a country.

An assessment of radiation risks induced by screen-
ing procedures such as X-ray mammography or CT has
to take into account that these procedures typically are
aimed at members of a certain population, such as - for
example — women between 50 and 69 years in breast

Exposed population (low cancer rate)

increased cancer rate (ar)

Target population (high cancer rate)

: additive model [ 4

Age specific cancer rate

multplicative model .-~

—

20 30 40 50 60 70 80 20 30 40
Age at diagnosis (years)

50 60 70 80

Age at diagnosis (years)
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cancer screening. Furthermore, the radiation-induced
risk to be diseased with cancer, i.e., the incidence, is of
major concern, not only the radiation-induced risk to
die from cancer, i.e., the mortality, because incidence
data are of better diagnostic quality, and they provide
larger numbers of cases for several cancer sites. Finally,
screening procedures using ionizing radiation typically
expose only parts of the body and, thus, organ-related
absorbed doses and risk estimates are necessary for a
reliable risk assessment.

Analyses of radio-epidemiological data, e.g., the A-
bomb survivors’ data, can be based on the assumption
of an excess relative risk (ERR) model or an excess ab-
solute risk (EAR) model. The ERR model assumes that
the excess risk is proportional to the baseline (or spon-
taneous) risk, the cancer risk for a person to be diseased
with a specific cancer in the absence of radiation. The
EAR model expresses the risk as difference in the total
risk and the baseline risk. The choice whether the ERR
or the EAR model is taken to estimate radiation risks
can be a crucial point due to the fact that risk estimates
based on an ERR or an EAR model can vary consider-
ably when individual tumor sites are considered. This
issue is also called “transport (or transfer) of risks from
the exposed population to the target population” (e.g.,
from a Japanese to a European population) and corre-
sponds to the question whether the ERR or the EAR is
taken to be the same in the exposed population and in
the reference population (see below). Section 3.3 elabo-
rates on the issue of radiation risk transfer, and Fig. 7.3
gives an illustration.

7.3.2
Radiation Risk Models by BEIR VII

The BEIR VII report, published in 2006, is the seventh
in a series of titles from the National Research Coun-
cil of the United States that addresses the effects of ex-
posure to low levels of exposure to ionizing radiation.
The report offers a full review of the available biological,
biophysical, and epidemiological literature since the last
BEIR report on the subject (BEIR V, 1990). In addition
to cancer mortality, the BEIR VII committee developed
risk estimates for cancer incidence.

The models by the BEIR VII committee have pri-
marily been developed from A-bomb survivors’ data,
namely data on cancer mortality with follow-up period
1950 to 2000, and from data on cancer incidence with
follow-up period 1958 to 1998. The BEIR VII commit-
tee used both ERR (Eq. 7.1) and EAR (Eq. 7.2) models
to calculate the absolute rate, ar:

ar(e, a, D, s) = r(a,s) - (1+err(e, a, D, 5)), (7.1)

ar(e, a, D, s) = r(a,s) + ear(e, a, D, ). (7.2)
The absolute rate, ar, denotes the total risk of a person
of gender s, after an exposure to organ dose, D, at the
age e, to be clinically diseased with cancer at the age a
or, more specifically, in the interval [a, a+1). ry(a,s) is
the baseline rate for a person of gender s to be diseased
with a specific cancer at age a. The excess absolute rate,
ear, is the absolute cancer rate, ar, in an exposed popu-
lation minus the baseline rate, i.e., the rate in an unex-
posed population. The excess relative rate, err, is the ra-
tio of the cancer rate in the exposed population and the
baseline rate minus 1. In other words, err =1 means that
the additional (radiation-related) cancer rate equals the
baseline cancer rate.

Site-specific BEIR VII models for those exposed at
age 30 years or later are dependent on organ dose, D,
and attained age, a. The err decreases and the ear in-
creases with increasing attained age, a. For those ex-
posed before the age of 30, the BEIR VII models include
an additional term dependent on age at exposure, e (err
and ear decreasing with increasing age at exposure).

For breast and thyroid cancer as well as for leukemia,
different models were chosen by BEIR VII. The breast
cancer model is based on a pooled analysis of data from
eight breast cancer incidence studies by PREsSTON et al.
(2002). The thyroid cancer model is based on a pooled
analysis of data from seven thyroid cancer incidence
studies by Ron et al. (1995). For leukemia, the BEIR VII
model includes a time, ¢ (= a—e), since exposure depen-
dence (decreasing with increasing t) and a linear-qua-
dratic function of dose.

In the BEIR VII report, risk models for the following
individual cancer sites are presented: stomach, colon,
liver, lung, female breast, prostate, uterus, ovary, blad-
der, other solid cancer, thyroid, and red bone marrow
(leukemia). Other cancer sites can be accounted for by
applying the BEIR VII risk model for “other solid can-
cer” and adjusting it by means of the baseline rates of
the cancer of concern.

It is important to notice that in previous analyses
of the A-bomb data, the ERR for lung cancer diverged
from the usual pattern of decreasing with increasing
age at exposure, instead increasing with age (THoMP-
SON et al. 1994). As was demonstrated by PIERCE et al.
in 2003, this effect was an artifact caused by the influ-
ence of smoking on lung cancer risk. After adjusting
for smoking, there was evidence of a decline of the ERR
with increasing age comparable to other cancer sites.
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7.3.3

Transfer of Risk

between Populations

with Different Cancer Rates

For many cancer sites, the baseline risks are different
between Japanese and Western populations. On the one
hand, e.g., breast and bladder cancer rates are consider-
ably lower in Japan compared to Western populations.
On the other hand, e.g., stomach and liver cancer rates
are much higher in Japan (FERLAY et al. 2004). Likewise,
considerable differences in site-specific relative and
absolute risk estimates were demonstrated in several
radio-epidemiological studies, and it is therefore es-
sential whether the excess relative risk or the excess
absolute risk is taken to estimate radiation risks. The
BEIR VII committee decided to apply a mixed approach,
i.e, to calculate weighted geometric averages with a
weight of 0.7 for the relative risk estimate and a weight
of 0.3 for the absolute risk estimate for sites other than
breast, thyroid, and lung. The larger weight for the rela-
tive risk estimate is based on the somewhat greater sup-
port for a relative risk transport. Moreover, relative risk
estimates are commonly more robust. For lung cancer,
the BEIR VII weighting procedure is inverted, i.e., the
additive risk estimate is attached greater weight (0.7) be-
cause of evidence that the additive model is valid in case
of interaction of radiation and smoking in the LSS of
atomic bomb survivors (PIERCE et al. 2003). For breast
and thyroid cancer, the BEIR VII models are based on
pooled analyses of both Japanese as well as Western pop-
ulations. For thyroid cancer, merely a relative risk model
was derived by Ron et al. (1995). For breast cancer, the
BEIR VII committee prefers the absolute risk model
predicting considerably lower absolute risk estimates
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compared to the multiplicative model for exposure ages
above 25 years. To be precautious, in the risk estimates
presented below a mixed approach was applied on ra-
diation risk for breast cancer, i.e., for the absolute risk
estimate a weight of 0.7 and for the relative risk estimate
a weight of 0.3 were utilized (analogous to the BEIR VII
weighting procedure in case of lung cancer).

7.3.4
Calculating Lifetime Excess Risks

Lifetime excess risks, also referred to as lifetime attrib-
utable risks (KELLERER et al. 2001, BEIR VII 2006),
LAR, are calculated by means of site-specific risk mod-
els, site-specific baseline rates on cancer incidence (or
cancer mortality), and life-table data to account for
competing risks:

LAR= ¥ (z(“f’"”ear(e,a,p,s).s(a)/s(e)du))

site \ e \e+L

(7.3)

where L is the minimum latency period and a.x is the
maximum attained age (assumed to be 100). The mini-
mum latency period denotes the time interval following
radiation exposure during which an excess of tumors
is not expected to be observed. It is understood as the
minimum period for a tumor to develop to a detectable
size after an irradiation. Usually, a minimum latency
period of 5 or 10 years for solid cancer and of 2 years
for leukemia is applied. The survival function, i.e., the
probability at birth to reach at least age a is denoted by
S(a). The ratio S(a)/S(e) is the conditional probability of
a person alive at age e to reach at least age a.
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Applying the BEIR VII risk models and German
disease and life table data (STATISTISCHES BUNDESAMT
2006, DeSTATIS 2004, GEKID and RKI 2006), Fig. 7.4
gives LAR estimates for cancer incidence for organ
doses of 1 Sv for those cancer sites contributing most
to the total LAR in dependence on age at exposure. To
derive risk estimates for organ doses, D, other than 1 Sy,
the LAR has to be multiplied by D for solid cancer and
by the factor (0.53 - D + 0.47 - D?) for leukemia.

735
How to Assess
Radiation Risks from CT Screening

Risk analyses for CT screening have been presented by
BRENNER and colleagues for lung cancer CT, virtual
colonoscopy, and whole-body CT screening (BRENNER
2004, BRENNER and GEORGSSON 2005, BRENNER and
ErLrLisTON 2004, BRENNER and Harr 2007). For lung
CT and virtual colonoscopy, they are based on risk
estimates derived from cancer incidence data of the
Japanese atomic bomb survivors with follow-up period
1958 to 1987 (THOMPSON et al. 1994); for whole-body
CT screening they are based on risk estimates for can-
cer mortality given by the Biological Effects of Ionizing
Radiation (BEIR) V committee in 1990. BRENNER et
al. used representative scanning protocols to estimate
organ doses and gave radiation risk estimates for a US
population. The main results presented by BRENNER are
given in Table 7.1.

In a present study performed by our group, a risk
assessment was conducted for the CT screening pro-
cedures mentioned above applying the most recent
risk models presented by the BEIR VII committee in
2006 and utilizing disease and life table data for a Ger-
man population (STATISTISCHES BUNDEsaMT 2006,
DESTATIS 2004, GEKID and RKI 2006). The BEIR VII
risk models were applied to estimate age-, gender-, and
organ-specific lifetime excess risks, LAR, for stomach,

colon, liver, lung, female breast, prostate, uterus, ovary,

bladder, thyroid, esophagus, kidney, and other solid can-

cer as well as for leukemia.
Four screening procedures were accounted for:

1. Annual lung cancer screening from age 50 to 69
years (i.e., 20 CT examinations) in a smoking popu-
lation (i.e., lung cancer baseline rates for smokers
were assumed). Scan parameters: scan length 34 cm;
current time product: 35 mAs; pitch1.8; collimation
4* 1 mm; 120 kV; CTDILy: 3.8 mGy.

2. 'Three virtual colonoscopies (paired CT scans: supine
and prone position) at intervals of 10 years from age
50 to 70 years. Scan parameters: scan length 45 cm;
current time product: 40 mAs; pitch 1.35; collima-
tion 4 * 2.5 mm; 120 kV; CTDI: 7.1 mGy.

3. Calcium scoring at intervals of 4 years from age 50
to 66 years (i.e., five CT examinations). Scan pa-
rameters: scan length 12 cm; current time product:
37 mAs; pitch 0.37; collimation 4 * 2.5 mm; 120 kV;
CTDILq: 9 mGy.

4. Whole-body CT screening every 2 years from age
50 to 68 years (i.e., 10 CT examinations). Scan pa-
rameters: scan length 77 cm; current time product:
200 mAs; pitch 1.75; collimation 4 * 2.5 mm; 120
kV; CTDI,q: 10.3.

Effective and organ doses were calculated for certain
CT protocols with the program CT-Expo (version 1.5.1,
StaMM and NAGEL 2002).

In Table 7.2 the estimated cumulative effective doses
are given for the above-mentioned screening proce-
dures. In Table 7.3, the LAR estimates for cancer inci-
dence are given in dependence on organ doses for those
sites contributing most to the total LAR. For the CT
screening procedures mentioned above, increased risks
in particular of cancer of the lung, female breast, colon,
and stomach, as well as of leukemia, are of concern. This
is especially valid for whole-body CT, where all of these
organs are being exposed to organ doses of about 10
mSv and more.

Table 7.1. Estimates of lifetime excess cancer risks for CT screening procedures given by BRENNER

Lung CT (BRENNER 2004)

Lifetime excess lung cancer risk for smokers

undergoing annual screening from age 50 to 75 from single paired CT at age 50

Female Male Female

0.85% 0.23% 0.13%

Virtual colonoscopy (BRENNER Whole body CT (BRENNER
and GEORGSSON 2005)

and ELLISTON 2004)

Lifetime excess total cancer risk  Lifetime excess total cancer mortality risk

from annual screening from age 50 to 74
Male Averaged over both sexes

0.15% 1.5%
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Table 7.2. Cumulative effective doses due to four CT screening scenarios

Age Screening Number Cumulative
of participants (years) interval (years) of rounds effective dose »® (mSv)
Male Female
Lung cancer screening 50-69 1 20 34 38
Virtual colonoscopy 50-70 10 3 15 20
Calcium scoring 50-66 4 5 10 13
Whole-body screening 50-68 2 10 114 144

*Tissue-weighting factor for breast tissue for women 0.1, for men 0

*Dose values related to the protocols described in the text

Table 7.3. Cumulative organ doses due to four CT screening scenarios (see Table 7.2 and text) and corresponding estimates of
lifetime attributable risk (LAR) to incur cancer/leukemia for those sites contributing most to total LAR

Cumulative organ doses * (mSv) LAR (incidence) (%)

Sites Female Female

Lung cancer screening

Female breast - 114 - 0.09

Lung 114 100 0.19 0.46

Virtual colonoscopy

Colon 27 28 0.03 0.02
Urinary bladder 28 29 0.03 0.03
Stomach 30 31 0.01 0.02

Calcium scoring

Female breast - 69 - 0.06

Lung 48 47 0.06 0.10

Whole-body screening

Female breast - 173 - 0.14
Lung 169 170 0.20 0.37
Colon 128 135 0.17 0.11
Stomach 153 157 0.08 0.11
Urinary bladder 134 141 0.15 0.16
Red bone marrow 101 107 0.07 0.06

*Dose values related to the protocols described in the text
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Table 7.4. Estimates of total lifetime attributable risk to incur cancer (LAR) due to four CT screening scenarios (see Table 7.2
and text) and estimated lifetime baseline risk (from age 50) from dying from the disease of concern (i.e., a: lung cancer in a smok-
ing population; b: colorectal cancer; c: acute myocardial infarction; d: all cancers)

LAR (incidence) (%)

Remaining lifetime baseline risk (%)
for dying from the disease(s) of concern

Male Female Male Female
a: Lung cancer screening 0.23 0.59 25 38
b: Virtual colonoscopy 0.12 0.12 3.1 3.4
c: Calcium scoring 0.07 0.18 11 8.3
d: Whole-body screening 0.80 1.08 26 20

Finally, Table 7.4 gives the total LAR estimates for
cancer incidence. In addition, estimates of the lifetime
baseline risks of dying from the disease of concern are
provided for comparison.
® In case of lung cancer CT screening, radiation-asso-

ciated lung cancer contributes most to the fotal LAR.
The LAR is more than 2.5 times as high for women
as for men because on the one hand, the excess lung
cancer risk is higher for women. On the other hand,
about 15% of the LAR arises from the increased
breast cancer risk, the accumulated organ dose due
to 20 low-dose CT examinations being about three
times as high compared to the accumulated organ
dose due to a mammography screening (assuming
ten examinations in 2-year intervals).

e Although only three paired CT examinations were
assumed for screening by virtual CT colonoscopy,
organ doses are relatively high for the intestinal sites.
Consequently, the estimated LAR 1is high compared
to the lifetime baseline risk of colorectal cancer.

® CT calcium scoring inheres relatively high organ
doses for breast and lung. Due to the higher radi-
ation-related risk of lung cancer in women and the
excess breast cancer risk, the LAR for women is
2.5 times higher than for men. However, for men,
radiation-related risks due to CT calcium scoring
are lower compared to the radiation risks associated
with CT screening for cancer.

®  Whole-body screening in 2-year intervals between
ages 50 and 68 years results in a LAR to be diseased
with cancer of about 0.8%/1% for men/women,
while the baseline lifetime risk for dying from can-
cer for a 50-year-old male/female person is about
26%/20% in Germany (factor of about 1/30 or 1/20).
In contrast, according to the modified BEIR VII

model for breast cancer, the radiation risk associated
with breast cancer screening by X-ray mammogra-
phy for women receiving ten mammographies in
2-year intervals from age 50 years is estimated to be
0.03% while the fatal baseline lifetime breast cancer
risk for a 50-year-old German woman is 3.4% (fac-
tor of about 1/100).

7.4
Concluding Remarks

The radiation risk due to CT screening procedures
can be estimated by means of established methods of
risk assessment. The evaluation indicates consider-
able radiation risks that should not be neglected
from a radiation protection perspective. In addition,
there are — in contrast to screening X-ray mammog-
raphy - no valid data from RCTs indicating a benefit,
i.e., a significant reduction in cancer mortality due to
CT screening. Considering the findings concerning risk
and benefit, it can be concluded that scientific evidence
is, at present, insufficient to recommend organized
screening programs for any of the CT procedures
mentioned above.
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This is simply due to the fact that the patient’s car-
diac output is not known prior to scan initiation in
most cases. MDCT is a powerful and continuously
evolving technology for noninvasive imaging. CA
administration is an integral part of this evolution
and needs to be continuously adopted and opti-
mized to take full advantage of this technology. A
basic understanding of physiologic and pharma-
cokinetic principles, as well as an understanding
of the effects of injection parameters on vascular
and parenchymal enhancement, allows the devel-
opment of optimized contrast agent delivery pro-
tocols for current and future MDCT. Scan timing
will only then succeed to acquire images at peak
enhancement in the tissue of interest.

Basic Rationale

M.H.K. HOFFMANN, MD MDCT technology continues to evolve rapidly. At the
Klinik fir Diagnostische und Interventionelle Radiologie, current stage of development, improvements concen-
Unikliniken Ulm, Steinhoevelstr. 9, 89075 Ulm Germany trate on gantry rotational speed (up to 270ms for a
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single rotation) and detector width (up to 16 cm with a
collimation of 320 x 0.5 mm). This allows for a rapid ac-
quisition of large volumes along the patient’s z-axis. Sub-
sequently, contrast agent application is an increasingly
demanding task that has to synchronize the timely co-
incidence of peak enhancement of the tissue at interest
and the scan acquisition. For parenchymal imaging such
as liver tissue, a wide peak plateau ensues with enough
room for securing adequate contrast enhancement. Vas-
cular imaging, on the other hand, has changed tremen-
dously. The peak of contrast attenuation has shortened
substantially in order to utilize the contrast agent (CA)
efficiently. This is coupled with and enabled by a rapid
acquisition of today’s scanner generations in less than 10
s. From the aforementioned it is easily deductible that
the timing of a scan in relation to the contrast peak is
crucial. It demands both semi-automated scanner pro-
tocols and individual protocol adaptation.

Factors Affecting Contrast Attenuation

The factors affecting contrast agent attenuation of the
tissue of interest can be separated into three general

SVC

y

v
]\

HV

IVC

Fig. 8.1a,b. Mixing of non-contrasted and densely CA con-
taining blood in the right heart. After intravenous administra-
tion into an antecubital line the contrast arrives in the right
heart via the superior vena cava (SVC, white arrows in a). In
the right atrium, dilution (swirl) with non-contrasted blood
from the inferior vena cava and hepatic veins (IVC and HV,

categories: patient related, injection of contrast and CT
parameters. The former two factors directly determine
and affect the contrast attenuation process itself. The
latter, i.e.,, CT parameters, though only indirectly af-
fecting contrast attenuation, are critical in permitting
optimal timing of the acquisition to visualize the peak
enhancement of the tissue of interest.

8.2.1
Patient-Related Factors

The two relevant patient-derived factors that affect con-
trast enhancement are body weight and cardiac output
(or cardiovascular circulation time). All other patient-
related effects on contrast attenuation are negligible.

Body Weight

Body weight (BW) affects the magnitude of both vas-
cular and parenchymal contrast enhancement (Ko-
RMANO et al. 1983; HEIKEN et al. 1995). The contrast
agent (CA) administered to the larger blood volume of
a heavy patient is more diluted than that administered
to a slim patient. Patient weight and the magnitude of

dark arrows in a) is dependent on the flow ratio of SVC:IVC.
The contrast distribution in the right atrium is inhomogenous
not allowing diagnostic evaluation at early first pass (b). The
resultant contrast distribution in the right ventricle (RV) is ho-
mogenous and allows discerning trabeculae in the apex and a
floating thrombus (T in b). PA: pulmonary artery
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contrast attenuation are inversely related in a linear
fashion. However, the timing of enhancement is largely
unaffected, due to a concomitant increase of blood vol-
ume and cardiac output for an increase in body weight
(KIRCHNER et al. 2000).

Hence, for daily clinical application, overall iodine
dose should be increased with increasing body weight
of the individual patient. This can be effectively achieved
by multiplying the body weight with a constant amount
of contrast per kg of BW [e.g., 1.2 ml CA (370 mgl/ml) x
BW]. The linear increase of CA volume predominantly
applies to all parenchymal imaging with a more limited
effect on vascular attenuation.

Cardiac Output

Global cardiac function (measured as cardiac output
or cardiovascular circulation time) critically affects the
timing of contrast attenuation (BAE et al. 1998b). De-
creased cardiac function results in a delay of peak vas-
cular and parenchymal attenuation.

But this is only one parameter affected by cardiac
function. The other one critically affected for all vascu-
lar or early enhancing scan applications is magnitude of
CA enhancement. CA is typically injected via an ante-
cubital vein and therefore arrives at the right heart via
the superior vena cava (SVC). For patients with good to
high cardiac output, the densely contrasted blood vol-
ume is mixed with 1.5-2 times the volume of non-con-
trasted blood drained from the inferior vena cava (IVC)
(Fig. 8.1). For a patient with non-compromised cardiac
function at rest, the volume relation of blood drained
from IVC and SVC is 1.3:1 or higher (CHENG et al.
2004). For patients with compromised cardiac function,
this ratio may drop below 1. It is therefore readily ap-
parent that a patient with a low cardiac output situation
will mix the densely contrasted blood volume drained
from the SVC with a substantially lower amount of un-
saturated blood from the IVC. Subsequently, the mag-
nitude of enhancement in the pulmonary, and systemic
vasculature will be higher.

The impact of this theoretical concept on daily clini-
cal routine applies almost exclusively to early phase im-

aging; this includes angiography, perfusion and early
enhancing parenchymal applications. Global cardiac
function parameters are usually unknown at CT scan
initiation. The test bolus has shown some potential to
predict contrast attenuation in situations of variable car-
diac output, but the individualization of the scan delay
according to automatic bolus tracking is the much more
practical approach applied today. The parameters to be
adjusted for the individual patient to correct for vari-
able cardiac functions are contrast flow rate and bolus
length. Adjustments should be carried out as outlined
in Table 8.1.

Central Venous Return

Central venous blood flow is subject to intrathoracic
pressure changes due to respiration (GOSSELIN et al.
2004). In the setting of CM-enhanced CT, this may be
particularly harmful if a patient performs an ambitious
Valsalva maneuver during breath holding. During a Val-
salva maneuver, the intrathoracic pressure increases,
which causes a temporary interruption of venous return
from the superior vena cava and a temporary increase of
(un-opacified) venous blood flow from the inferior vena
cava. The effect of this flow alteration is a temporary
decrease of vascular opacification. In some cases (espe-
cially with fast scan times), this may cause non-diagnos-
tic opacification of the entire pulmonary arterial tree.

Hence, a rehearsal of breath-holding commands
should be conducted. The patient should be instructed
not to bear down during breath holding. The mouth
should be kept open. This may ensue in minor breath
holding artifacts, but these may be much more tolerable
than the loss of diagnostic quality associated with non-
opacified vessels.

8.2.2
Contrast Injection Parameters

Contrast Injection parameters that determine attenua-
tion within the tissue of interest are duration of injec-
tion and iodine administration rate or iodine flux. The

Table 8.1. Effects of cardiac output on contrast attenuation and homogeneity

Cardiac Attenuation

output
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programming of power injectors on the other hand re-
quires volume and rate to be affixed prior to scan ini-
tialization. Volume can be easily calculated by multiply-
ing CA flow with duration of injection for that purpose.
Another factor that has emerged with the advent of
double-barrel injectors is the use of a saline flush for a
more efficient utilization of a compact iodine bolus.

Duration and Flow Rate

The duration of iodine injection critically affects both
magnitude and timing of contrast attenuation (AwaAI
et al. 2004) (Fig. 8.2). Increased injection duration at a
fixed flow rate leads to a greater deposition of iodine.
This is particularly important for parenchymal imaging
with the magnitude of enhancement increased by the
amount of iodine administered (MEGIBOW et al. 2001).
Peak parenchymal enhancement occurs much later
than arterial vascular attenuation. Hence, for dedicated
parenchymal protocols, the time frame allowed for con-
trast agent administration is long and ideally suited for
a bolus with a long duration at a reasonable flow rate.
Arterial enhancement depends on iodine adminis-
tration rate (or iodine flux) and can be controlled by the
injection flow rate (ml/s) and/or the iodine concentra-
tion of the contrast medium (mgl/ml) (FLEISCHMANN
et al. 2000) (Fig. 8.3). Most of the angiography protocols
used on 64-detector-row scanners today utilize very
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Fig. 8.2. Effect of duration of injection on contrast
accumulation and peak. Aortic and subsequently parenchy-
mal peak attenuation accumulates with increasing duration or
volume of injection. The peak occurs later requiring a modi-
fication of scan delays. Solid line 75ml, dashed line 125ml
and dotted line 175ml of CA volume. Modified according to
BAE and HEikeN (2000)

high flow rates in order to yield a compact bolus with
steep flanks and a high peak.

lodine Concentration

The availability of contrast agents with high iodine con-
centrations (above 350 mgl/ml) has recently attracted a
great deal of interest (BECKER et al. 2003; Roos et al.
2004; SuzuxkI et al. 2004). For injections performed
with a fixed duration and flow, a contrast agent with
a high iodine concentration will deliver a larger total
iodine load more rapidly. The resulting magnitude of
peak contrast enhancement is increased. The temporal
window at a given level of enhancement is wider. Con-
versely, time-to-peak enhancement is unaffected be-
cause duration and rate of injection remain constant.
On the other hand, contrast agents with a higher
concentration deliver a constant total iodine mass
at a given flow rate in a shorter duration of time. For
daily clinical routine, a contrast agent with high iodine
concentrations is an alternative approach to using an
increased injection rate in order to increase iodine de-
livery rate. The rapid improvement of current MDCT
generations allows an ever increasing scan speed. This
consequently allows utilizing shorter and higher con-
trast peaks, especially for angiographic applications. In
other words, higher iodine concentrations are an ideal
match for increasing scan speeds. Many of the rapid
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Fig. 8.3. Vascular versus parenchymal contrast. Effect of CA
injection rate on the magnitude of peak contrast enhance-
ment. For vascular attenuation the increasing injection rate
results in substantially higher intraluminal enhancement. For
parenchymal imaging the increase of injection rate beyond
2ml/s does not affect peak enhancement. Modified according
to BAE and HEIKEN (2000)
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angiographic acquisitions amenable on newest scanner
generations can only be utilized relying on the highest
iodine concentrations (370-400mgl/ml) available to-
day. This holds true not only for applications dedicated
to the aorta and arterial circulation, but also for pulmo-
nary angiography (SCHOELLNAST et al. 2005).

Saline Flush

Current double-barrel power injectors are equipped
with two syringes. One is filled with non-diluted CA,
the other with normal saline. The saline syringe is
activated and injects after the contrast bolus has been
administered completely. This flushes the arm veins
after CA injection and slightly prolongs and increases
arterial enhancement (SCHOELLNAST et al. 2004a,
2004b). Pericaval streak artifacts are prevented by this
technique for cardio-thoracic applications. The impor-
tance of saline flushing increases for smaller amounts
of CA applied at higher absolute iodine concentrations.
Some injectors allow mixing saline and CA utilizing si-
multaneous injection from both syringes. This is useful
to opacify the right ventricular cavity and pulmonary
vasculature for dedicated clinical applications (KOUTTNER
et al. 2007).

Bolus Geometry

Intravenous contrast will travel to the right heart, lung
and left heart before reaching the arterial system; this is
the “first pass” When the contrast medium is distrib-
uted in the intravascular and interstitial space and reen-
ters the right heart, recirculation occurs (FLEISCHMANN
2003b). Both the first pass and recirculation account
for the shape, or bolus geometry, of the enhancement
curve. In ideal bolus geometry, there is an immediate
increase in arterial enhancement at the start of the CT
acquisition and uniform enhancement during the data
acquisition. With a uniphasic injection (injection at a
constant rate), the enhancement increases to a peak and
then declines (FLEISCHMANN 2003b). Because CTA will
typically be performed during both the upslope and
downslope of the curve, enhancement is not uniform
throughout the acquisition. Biphasic injection tech-
niques (fast injection followed by slow injection) and
exponentially decelerating injection techniques that can
increase uniformity of contrast attenuation have been
described (BAE et al. 2000, 2004). However, with short
scan times, uniformity of contrast attenuation may be
less important for a well-defined application, e.g., for

coronary angiography (CADEMARTIRI et al. 2004a).
Clinical applications that intend to cover a wider range
of vascular territories, though, may well ask for more
uniformity with a long plateau phase (VRACHLIOTIS
et al. 2007).

8.2.3
CT Parameters

The patient- and injection-related parameters shape
the arrival time and distribution of the contrast agent
within the organ, tissue or vessel of interest. In order
to succeed with an ideally contrasted CT scan that ef-
ficiently utilizes the amount of contrast agent adminis-
tered and that addresses all individualization necessary
to account for patient-related factors, the last thing to
do correctly is to start the scan at the right time. For
scanners with one to four detectors, the determination
of scan start times was fairly easy. The scan and subse-
quently the breath-hold duration was so long that the
scan had to be started early. The scan start time was
equal to the contrast arrival time determined in a simple
test bolus procedure. With the advent of 16 and more
detectors in a CT scanner, scans became ever shorter
and shorter, allowing for utilization of the maximum
height of the contrast bolus peak. These technical devel-
opments rendered scan timing much more complicated
and demanding.

Scan Timing

In order to determine scan delays correctly, three fac-
tors have to be considered: (1) contrast agent injection
duration, (2) contrast arrival time (Carr) and (3) scan
duration.

In patients with normal cardiac output, peak arterial
contrast is achieved shortly after termination of contrast
agent injection (BAE et al. 1998c, 2003). A short, high-
flow bolus will therefore result in an early Carr; thus, a
short scan delay should be selected for CTA. Conversely,
alow flow,long duration bolus will result in delayed peak
attenuation, and the scan start has to be delayed. Timing
for such a bolus is more critical, and the first choice for
CTA is therefore a compact, high-flow bolus.

In addition to injection duration, variable cardiac
output parameters of individual patients will have to
be addressed. In principle, the two methods to assess
the contrast arrival are test bolus techniques and so-
called bolus tracking. Both approaches measure Carr
and therefore adapt for varying cardiac output. The
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bolus tracking method is the most efficient, according
to our experience. However, the test bolus has the ad-
vantage of testing the venous access line with a small
volume of contrast before applying the full volume and
flow needed for the scan itself. Both techniques utilize a
region of interest (ROI) that is placed in a vessel proxi-
mal to the organ of interest, e.g., the right ventricle or
pulmonary trunk for pulmonary CTA.

Traditionally, for slow CTA studies (single-row and
four-detector-row scanners), the scan start was chosen
to equal a patient’s contrast arrival time (Carr). The scan
time of these scanners was not fast enough to allow cap-
turing of the peak of contrast enhancement, but rather
to position acquisition around the peak (Fig. 8.4). Logi-
cally, this fact resulted in somewhat inhomogeneous
contrast distributions in the acquired axial stack.

Faster helical acquisitions available on newer scan-
ner generations (16-64-row detectors and beyond) al-
low to better utilize the bolus peak (Fig. 8.4). The scan
duration fits better to the bolus peak time, and, conse-
quently, both the average magnitude and homogeneity
of contrast attenuation within the axial stack improve.
But these benefits for CTA will not yield without an
additional “diagnostic” delay (AT in Fig. 8.4) intro-
duced to better position scan speed in proximity to
peak enhancement (BAE 2003; FLEISCHMANN 2003a).
It has been proven both empirically (CADEMARTIRI
et al. 2004b) and theoretically (BAE 2005) that an ac-
curate AT may significantly improve CT image quality.
Determination of the additional delay, which is related

AT |

Enhancement [HU]
;

Time [t]

Fig. 8.4. Simulated aortic contrast attenuation curve with dif-
ferent scan delays (AT) designated for multiple scanner gen-
erations. AT has to be lengthened with shorter scan durations
provided by a CT scanner with increasing detector width and
rotational speed. A faster scanner may utilize peak contrast en-
hancement more efficiently than a slower one

to scan speed and injection duration, is critical for fast
MDCT. AT can be calculated using complex models ei-
ther assuming normal cardiac function (so called “vari-
able” approach) or they can be more or less empirically
determined (BAE et al. 1998a). A so-called “circulation
adjusted” approach allows to calculate the “diagnostic”
delay with a combined approaches of measuring Carr
with bolus tracking (BAE and HEIKEN 2000). As a rule
of thumb, the additional “diagnostic” delay or post-
threshold delay for bolus tracking should be sufficiently
long enough to apply breath-hold commands for the
patient. The additional delay has to be longer for faster
scanners (e.g., for a 64-detector-row scanner, it is in the
range of 6-7 s and should be longer for both faster gan-
try rotation and larger detectors).

Sample Protocols

8.3.1
CT Angiography

MDCT has rapidly evolved for pulmonary artery (PA)
angiography (SCHOELLNAST et al. 2006; LEE et al.
2007a, 2007b). Today, though never officially acclaimed
as the standard of reference, it is the first-line modality
in daily clinical life for the detection of pulmonary
embolism (CLEMENS and LEEPER 2007). Pulmonary
opacification occurs first after mixing of contrast-
containing blood in the SVC and non-opacified blood
from the IVC in the right heart. In other words, the
contrast arrival time (Carr typically in the range of 15
s) is short. The ROI for pulmonary imaging should
therefore be placed either in the right ventricle or the
pulmonary trunk, and the diagnostic delay time (AT)
should be short, but long enough to instruct the patient
for a convenient inspirational breath hold (JELTscH et
al. 2008). It has already been outlined in the section
on central venous return how the impact of flow redis-
tribution between the SVC and IVC can deleteriously
affect diagnostic opacification of the pulmonary tree. A
sample protocol for a 64-detector-row configuration is
given in Table 8.2.

Other vessels further downstream of the vascular
territories that are ideally suited for CT imaging are the
aorta, the coronary arteries and all other major side-
branches of the arterial tree. Aortic imaging utilizing
CT is superior to conventional angiography and has
therefore replaced most of the arterial catheter-based
applications used in the past. This is in part due to the
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Table 8.2. Sample protocols for vascular imaging with 64 detector rows

Parameter PAD Coronaries

Table speed <30mm/s 20mm/s

Scan time 40's 6.5s

Sample scanner 64 x 0.625 mm, 64 x 0.625 mm,

settings pitch 0.375, pitch 0.2,
gantry rotation gantry rotation
time 0.4 s time 0.4 s

Scanning delay Tao + 4 Tao + 7

First: 5-6 ml/s

(1.8 g iodine/sec)
for5s

Second: 3-4 ml/s
(0.92 g iodine/s)
for remaining
scanning time-10s

Injection flow rates Single phase: 6 ml/s
(2.4 g iodine/s) for
17 s followed by
saline chaser 50 ml
at the same flow

rate

Aorta

90
8s

64 x 0.625mm,
pitch 0.9,
gantry rotation
time 0.4 s

Tao + 6

Single phase:
4.5ml/s (1.8 g
iodine/s) for 20 s
and 40 ml saline
chaser at the same
flow rate

PA

90
4.4s

64 x 0.625 mm,
pitch 0.9,
gantry rotation
time 0.4 s

Tpa + 4

Single phase:
4.5ml/s (1.8 g
iodine/s) for 20 s
and 40 ml saline
chaser at the same
flow rate

Triple rule-out

20
17.5s

64 x 0.625 mm,
pitch 0.2,
gantry rotation
time 0.4 s

Tao + 5

First: 5ml/s (1.8 g
iodine/s) for 18 s
Second: 2.5ml/s (1
g iodine/s) for 10 s
followed by saline
3ml/s (50 ml)

Tao: Bolus tracking in the descending aorta, Tpa: bolus tracking in the pulmonary trunk

large diameter of the vessel of interest and therefore a
reduced propensity for calcium- and metal-induced ar-
tifacts. The contrast attenuation within the vessel lumen
should be high in order to guarantee adequate opaci-
fication in contrast to surrounding structures. One
prerequisite to achieve this is a high iodine flux, which
may directly be controlled by both flow rate and iodine
concentration. The scan delay is best achieved with an
ROI placed in the descending aorta at the level of the
bronchial bifurcation. The diagnostic delay time (AT)
should equal peak enhancement of a test bolus for one
to four detector rows. A very short AT applies for scan-
ners with 16 detector rows and consecutively longer ATs
apply for 32-320 detector rows (Fig. 8.4).

Arterial enhancement continuously increases over
time with longer injection durations due to the cumula-
tive effects of bolus broadening and recirculation. Thus,
increasing the injection duration also improves vascular
opacification. In order to utilize this mechanism in situ-
ations with inappropriate vascular access or other rea-
sons restricting injection flow rates, the scan delay has
to be adjusted accordingly. AT should be substantially
longer to catch the later occurring and higher bolus
peak (Fig. 8.4). Provided that a suitable vascular access
allows rapid flow rates the injection duration should
be timed according to the equation: 15 s + (scan dura-
tion/2). This applies to injections with a saline chaser

of 30-40ml administered at the same flow rate as the
preceding contrast agent. For injections without a sa-
line chaser, the above equation should be lengthened by
another 5 s.

The strength of an individual’s attenuation response
to intravenously injected contrast dye is controlled by
cardiac output and blood volume, both correlate with
body weight. An individual contrast application proto-
col should therefore be adapted to patient body weight.
Whereas the iodine flux rates of Table 8.2 apply for the
average 75-80-kg patient, lower flux rates apply for slim
patients and higher flux rates for heavier ones. Weight-
adapted protocols are less important for vascular at-
tenuation than for parenchymal contrast imaging, but
should nevertheless be used in order not to overdose
slim patients.

Peripheral arterial disease (PAD) is another potential
application for CT angiography. The contrast-related is-
sues for this application center around a highly variable
bolus transit time across the territory of interest. The
velocity of a contrast bolus to travel from the aorta to
the popliteal arteries varies from 29 to 177 mm/s in pa-
tients with PAD (FLEISCHMANN and RuBIN 2005). This
large variability is unpredictable and does not neces-
sarily correspond to the severity of obstructive disease.
In other words, surfing on the bolus peak to guarantee
good to excellent magnitude of contrast attenuation at
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any given z-axis position for such a scan carries the risk
of outrunning the bolus. Scanners with 16 and more de-
tector rows are capable of outpacing the bolus along the
lower peripheral extremity.

8.3.2
Triple Rule-Out

Patients who present to the emergency department
(ED) with chest pain constitute a common and impor-
tant diagnostic challenge (HAIDARY et al. 2007; WHITE
and Kuo 2007). In a recent center for disease control
and prevention survey, chest pain accounted for the sec-
ond leading cause of ED presentation. Newer genera-
tions of multi-detector CT scanners allow conducting
ECG-gated scans of the full chest. This has fueled inter-
est for a comprehensive chest pain evaluation protocol
(so-called “triple rule-out” covering pulmonary embo-
lism, coronary disease and aortic dissection evaluation).
The demands in terms of contrast opacification of such
a protocol are centered on a long homogenous bolus
with a reasonably high magnitude. Aortic, coronary and
pulmonary tree opacification has to be achieved. That
means the bolus peak should be in the aortic root with
long tails of the bolus stretching out into the pulmo-
nary and aortic vasculature. The contrast attenuation
along the tails should ideally be plateau-like with flat
up and down slopes. The most efficient way to achieve
this is a biphasic bolus with a rapid initial and slower
flow secondary phase as outlined in the paragraph on
bolus geometry above. A sample protocol adapted to
64-detector-row platforms has been recently published
(HAIDARY et al. 2007). A modification of this proto-
col is shown in Table 8.2. Modifications account for a
higher iodine concentration of a larger detector [4 cm
(Table 8.2) compared to 2 cm (protocol of HAIDARY
et al.)] and a slower rotational speed [0.4 s (Table 8.2)
compared to 0.33 s (protocol of HAIDARY et al.)].

8.3.3
Hepatic Multi-Phasic Imaging

Hepatic multi-phasic imaging is typically conducted
at three discrete phases, namely, early arterial phase,
late arterial/portal vein inflow phase and hepatic pa-
renchymal phase. The early arterial phase of enhance-
ment is useful primarily for the acquisition of a pure
arterial dataset for CTA and has only limited value for
liver evaluations per se. The late arterial or portal inflow
phase is preferred for the detection of hypervascular

primary or metastatic liver lesions (AwAr et al. 2002).
The early phase is acquired with a diagnostic delay (AT)
equivalent to arterial aortic scanning of 6 s. The late ar-
terial phase is best centered at AT = 20 s (LAGHI 2007).
During this phase, the hypervascular hepatic lesions en-
hance maximally, while the hepatic parenchyma remain
relatively unenhanced, correlating to the relatively small
contribution of the hepatic artery to the total blood sup-
ply of the organ.

The hepatic parenchymal phase, the period of peak
hepatic enhancement, is the phase used for routine ab-
dominal CT imaging. Most hepatic lesions, including
most metastases, are hypovascular and are therefore best
depicted against the maximally enhanced hepatic paren-
chyma during this phase. The typical delay for this phase
is dependent on indication. A fixed delay preceded by
a rather slow (typically 2.5-3ml/s) injection would suf-
fice for single-phase parenchymal imaging. For a bolus
tracking approach that interleaves multiple-phase imag-
ing with an early enhancing arterial and a later paren-
chymal phase, the typical delay post threshold of the bo-
lus tracker would be in the range of 55-65 s. This delay is
dependent on the duration of CA injection.

For some dedicated indications it may be useful to
acquire an even later phase of parenchymal imaging
(>3 min). This phase has shown potential to discern he-
patocellular carcinoma (hypoattenuating) and cholang-
iocarcinoma (delayed contrast enhancement).

Overall, the most important parameter affecting
total peak contrast enhancement for liver and paren-
chymal imaging is the total iodine mass administered.
The administration of iodine is governed by the para-
meters: total CA volume and iodine concentration. The
subsequently most important patient-related parameter
that affects the magnitude of parenchymal attenuation
is patient weight. For parenchymal imaging per se, it is
much more important to adjust the total amount of de-
posited iodine to the patient weight than for any vascu-
lar application. A multicenter study found that 30 HU
was the lowest acceptable diagnostic threshold to allow
hepatic evaluation. The same study also found that no
additional diagnostic benefit was obtained by increas-
ing hepatic enhancement beyond 50 HU. Hence, the
recommended iodine dose of 0.5 gl should be injected
per kg of a patient’s body weight to yield the most ef-
ficient diagnostic peak enhancement of 50 HU. Hepatic
parenchymal enhancement is much less dependent on
flow rate than vascular enhancement (Fig. 8.3), but if
combined in multiple-phase imaging, rapid injection
rates apply for the early phase. For a single phase appli-
cation aimed at parenchymal imaging, only an injection
rate of =3 ml/s is totally sufficient (Fig. 8.3).
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8.3.4
Major Trauma Scanning

A major trauma situation necessitating rapid evalua-
tion for life-threatening injuries is so far one of the few
accepted indications for full body radiation exposure
(ANDERSON et al. 2006; HESSMANN et al. 2006). Mul-
tiple-phase acquisitions for vascular and parenchymal
imaging require repeated helical acquisitions. In order
to minimize the dose exposure, we have adopted an ap-
proach to achieve both homogenous contrast distribu-
tions in the parenchymal abdominal organs and high-
density arterial opacification with a reversed bi-phasic
CA application. Based upon a regular 16 detector scan-
ner and a contrast agent with 400 mgl/ml available in
the trauma unit, the following flow rates apply: a pre-
bolus for parenchymal saturation is injected at a rate of
2ml/s for a duration of 35 s; after that a compact bolus
for vascular enhancement is injected at a rate of 3.5ml/s
for 15 s. This is followed by a saline chaser (40 ml) at
the same rate. The bolus tracking procedure is started
with a 10-s delay after initiation of the compact vascu-
lar bolus phase. The ROI is placed in the descending
aorta at the level of the tracheal bifurcation. The diag-
nostic delay is set at 5 s. A single helical acquisition is
acquired with a subsequent bone, lung and soft filter re-
construction. The soft tissue reconstruction allows both
assessment of abdominal parenchymal organs for lacer-
ations and diagnostic evaluation of the arterial vascular
structures. Head and brain perfusion scans are added
to the protocol based upon lesion pattern and trauma
presentation.

8.3.5
Perfusion Studies

CT-based perfusion imaging per se has not yet gained
a wide-spread clinical acceptance; this is in part due to
the technological development just starting to provide
CT scanners that cover whole organs in a single rota-
tion. Probably the most promising clinical application
of CT would be cerebral perfusion scanning. Perfusion
CT relies on the extraction of perfusion parameters
from time-attenuation curves derived from the rapid
transit of a contrast bolus through the brain. Various
algorithms can be used for calculating perfusion values
based on nondiffusible indicators, such as iodine con-
trast, all of which require administration of a compact
bolus (AxEeL 1980). For this reason, the duration of in-
jection should be very short, which subsequently limits
the injected volume of contrast. High iodine content

seems to substantially improve the diagnostic image
quality. A typical brain perfusion protocol injects very
rapidly >5ml/s (=2 gl/s) for 10 s followed by a saline
chaser (KoNI1G et al. 2007).

Summary

Many patient-related and injection-related factors can
affect the magnitude and timing of intravenous contrast
agent attenuation. A cross-linked network interrelates
all of these factors, but they may be grossly separated
into two categories: (1) factors that predominantly af-
fect the magnitude of contrast attenuation (body size,
contrast volume, iodine concentration and saline flush)
and (2) factors that predominantly affect the temporal
pattern of contrast attenuation (cardiac output, contrast
injection duration and contrast injection rate).

MDCT, with its dramatically shorter image acqui-
sition times, permits images with a much better utili-
zation of peak contrast attenuation. High iodine con-
centrations of contrast media and newer scanner
generations are mutually conditional. The very high io-
dine flux rates required by cutting edge angiographic
applications can be met by low concentration iodine
agents only at very high flow rates resulting in high vol-
umes administered. This is not compatible with com-
promised cardiac output and may easily result in sub-
stantial amounts of contrast retrogradely injected via
the right atrium into abdominal venous capacity ves-
sels (Fig. 8.5). Disobeying the basic rules of contrast
agent application for MDCT may therefore result in a
great deal of non-usable contrast agent being adminis-
tered. Sporadic failure, though, is unpreventable at the
current stage of development. This is simply due to the
fact that the patient’s cardiac output is not known prior
to scan initiation in most cases.

MDCT is a powerful and continuously evolving
technology for noninvasive imaging. CA administra-
tion is an integral part of this evolution and needs to
be continuously adopted and optimized to take full ad-
vantage of this technology. A basic understanding of
physiologic and pharmacokinetic principles, as well as
an understanding of the effects of injection parameters
on vascular and parenchymal enhancement, allows the
development of optimized contrast agent delivery pro-
tocols for current and future MDCT. Scan timing will
only then succeed to acquire images at peak enhance-
ment in the tissue of interest.
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Fig. 8.5a,b. Sample case with reduced cardiac output due
to myocardial infarction. The flow rate of contrast injection
for pulmonary angiography was too high resulting in a vast
amount of contrast agent injected retrogradely into IVC and
branches via the right atrium (a). The patient was suffering
from compromised cardiac function (or output) induced by an
acute myocardial infarction (hypodense area in b) in the terri-
tory of the right coronary artery
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Introduction

Multiple imaging techniques have been used to evalu-
ate cerebral perfusion, including positron emission
tomography (PET), single photon emission computed
tomography (SPECT), xenon computed tomography
(CT), and magnetic resonance (MR) perfusion; these
modalities, however, are hampered by limited availabil-
ity, cost, and/or patient tolerance (WINTERMARK et al.
2005b). Perfusion CT (PCT) was introduced as a timely
and simple means to evaluate cerebral perfusion. PCT
can be performed rapidly with any modern spiral CT
scanner and standard power injector. The PCT maps
can be generated quickly and easily at a workstation
equipped with the appropriate software. Multidetec-
tor-row CT scanners are desirable as they allow an in-
creased anatomical coverage. At our institution, PCT is
routinely used in acute stroke patients to confirm a sus-
pected diagnosis of stroke and to distinguish between
infarct and penumbra or tissue at risk, the target of rep-
erfusion therapies (WINTERMARK et al. 2005a, 2007b;
TAN et al. 2007). It has been extended into the evalua-
tion of patients with possible vasospasm after subarach-
noid hemorrhage (SAH) (WINTERMARK et al. 2006¢)
and for the evaluation of cerebrovascular reserve with
acetazolamide challenge in patients with carotid artery
stenosis who are potential candidates for bypass surgery
or endovascular treatment (SMITH et al. 2008). PCT can
also be applied to assess cerebral perfusion after head
trauma (WINTERMARK et al. 2004a, 2004b, 2006a) and
to measure the permeability surface product area (PS)
in patients with intracranial neoplasms (ROBERTS et al.
2002a, 2002b; CIANFONI et al. 2006).

Technique

9.2.1
PCT Data Acquisition Technique

PCT scans at our institution are obtained using a
64-slice CT scanner. After an unenhanced CT of the
whole brain, and before a CT angiogram (CTA) of the
carotid and vertebral arteries and a post-contrast CT
of the brain, 16 5-mm-thick sections are selected to in-
clude the level of the basal ganglia and centrum semi-
ovale, where all three supratentorial vascular territories
can be evaluated. The CT gantry is tilted both for the

unenhanced CT and the PCT so that the selected slices
are imaged parallel to the hard palate.

Forty millileters of a nonionic contrast agent (300 mg
of iodine per ml) is injected and flushed by 25 ml of sa-
line chase, at a rate of 5 ml/s, using a standard power in-
jector. Contrast administration via an 18-20 gauge line
in a right antecubital vein is preferred, as it minimizes
pooling of contrast, lowers the risk of extravasation,
and minimizes streak artifact at the thoracic inlet dur-
ing the CTA portion of the exam. All these pitfalls are
frequently observed in case of a left antecubital vein in-
jection, because of a compression of the left innominate
vein between the sternum and the dolichoid ascending
aorta often seen in elderly patients.

At 7 s after initiation of the injection, PCT scan-
ning is initiated with the following technique: 80 kVp,
100mA. One image per second is acquired in a cine
mode for 37 s, followed by one image every 3 s for an-
other 33 s. Total duration of the acquisition is 70 s.

We typically increase the anatomical coverage in our
PC protocol by injecting two successive boluses and ac-
quiring two successive PCT series. This is however not
feasible in all patients due to renal function. Alternative
approaches to increase the anatomic coverage of PCT
include the “toggle-table” technique, in which the scan-
ner moves between two different brain levels, obtaining
data from each in turn. This method permits imaging of
alarger portion of the brain with a single bolus, but sac-
rifices some temporal resolution due to increased time
between sequential images of a single slice (ROBERTS et
al. 2001).

When an acute stroke patient is imaged within the
therapeutic window, we usually do not wait for the re-
sults of creatinine testing, except in case of known his-
tory of renal failure or prior serum creatinine measure-
ment that exceeded 1.5 mg/dl, known renal disease,
solitary kidney (e.g., prior nephrectomy, congenital
absence), diabetes mellitus (insulin-dependent >2 years
or non-insulin dependent >3 years), collagen vascular
disease (e.g., lupus), or paraproteinemia syndromes
(e.g., myeloma). This approach has been demonstrated
as safe in more than 1,000 patients, with only a very low
rate of temporary renal failure (0.19%) and no case of
permanent renal failure (JosEPHSON et al. 2005).

If low kVp (80 kVp) and mAs (100 mAs) are used for
PCT acquisition (WINTERMARK et al. 2000), the overall
effective dose required for PCT (2.0-3.0 mSv) is only
slightly higher than that required for routine head CT
(1.5-2.5 mSv). This dose equivalent is less than the dose
equivalent obtained with PET or SPECT, and is com-
parable to that of a single-level xenon CT examination
(EasTwooD et al. 2003).
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9.2.2
PCT Data Processing Technique

The theoretical basis for PCT imaging is the central
volume principle, which relates cerebral blood flow
(CBF), cerebral blood volume (CBV), and mean tran-
sit time (MTT) as follows: CBF = CBV/MTT. Perfusion
data are obtained by monitoring the first pass of an io-
dinated contrast agent bolus through the cerebral vas-
culature. The linear relationship between contrast agent
concentration and attenuation can be used to calculate
the amount of contrast agent in a given region from the
degree of transient increase in attenuation. Time versus
contrast-concentration curves are created for an arterial
and a venous region of interest, as well as for each pixel
of the scan. The MTT map derives from deconvolution
of arterial and tissue enhancement curves. CBV is cal-
culated as the area under the curve in a parenchymal
pixel divided by the area under the curve in the venous
pixel. The central volume equation can then be solved
for CBF (WINTERMARK et al. 2001a).

Deconvolution softwares allow much lower injec-
tion rates—5 ml/s as reported above—compared to
other softwares that use different approaches, such as
the maximal slope model (WINTERMARK et al. 2001a).
These lower injection rates are more practical and tol-
erable for patients. They do not impair accuracy, since
the deconvolution analysis controls for bolus dispersion
by comparing the arterial input time-attenuation curve
with that of the tissue (WINTERMARK et al. 2001a).

PCT data are analyzed at an imaging workstation.
Post-image-collection processing involves semi-au-
tomated definition of an input artery and a “vein” In
acute stroke patients, selection of different arterial in-
puts has been demonstrated to have no significant effect
on PCT results for an individual patient (WINTERMARK
et al. 2007a). As a result, we routinely use the anterior
cerebral artery as the arterial input function to provide
standardization and facilitate intersubject comparison.
In patients with chronic cerebral vascular disease, the
situation is different, and we select for each vascular ter-
ritory its own, specific arterial input function.

The reference “vein” actually needs to be the pixel
with the largest area under its contrast-enhancement
curve. As such, it must be selected at the center of the
largest vascular structure perpendicular to the PCT
slices. These requirements are usually met by pixels at
the center of the superior sagittal sinus. However, in
some instances, other venous structures, or even the su-
praclinoid internal carotid arteries, can be appropriate
“veins” for PCT processing purposes.

Clinical Indications

9.3.1
Acute Stroke

PCT provides a rapid and simple means to evaluate ce-
rebral perfusion in patients presenting with acute stroke
symptoms, most of whom already undergo unenhanced
head CT to rule out intracranial hemorrhage. Indeed,
findings of acute cerebral ischemia, however, can be
subtle or absent on unenhanced CT. In addition, the ad-
vent of thrombolytic therapy for acute nonhemorrhagic
stroke has intensified the need for a rapid, readily avail-
able technique to help identify and quantify the presence
and extent of the ischemic penumbra, or tissue at risk.
The latter tissue may be salvageable with the adminis-
tration of thrombolytic agents, while irreversibly dam-
aged infarct will not benefit from reperfusion and may
be at increased risk of hemorrhage after thrombolytic
therapy. Direct assessment of an individual patients
ischemic penumbra (“penumbra is brain”) may allow
more personalized, appropriate selection of candidates
for intervention than generalized time criteria (“time is
brain”), since individuals may have different timelines
for evolution of penumbra into infarct.

PCT provides a timely and easy means of identifying
ischemic penumbra, permitting rapid triage of patients
who may benefit from reperfusion. Distinction between
infarct and penumbra from PCT data is based on the
concept of cerebral vascular autoregulation. Within
the infarct core, autoregulation is lost, and both MTT
and CBV are low; within the penumbra, autoregulation
is preserved, MTT is again increased, but CBV is pre-
served or even increased (Fig. 9.1) (WINTERMARK et al.
2002a, 2002b).

In our routine assessment of PCT maps in patients
suspected of stroke, we first evaluate the MTT maps,
which are the most sensitive, particularly with regard
to detection of early stages of minor ischemia. When a
MTT abnormality is diagnosed, we use the CBF maps
to confirm that CBF is decreased and that we are deal-
ing with an ischemic stroke (MTT can be prolonged in
transient ischemic attacks, but then CBF is preserved).
Finally, we look at the CBV values within the area with
abnormal MTT and CBF to elucidate the underlying
pathophysiology (CBV decreased in the infarct core;
CBV preserved or increased within the penumbra)
(WINTERMARK et al. 2002a, 2002b, 2006b).

PCT provides equivalent results to diffusion/per-
fusion MRI in terms of characterizing the infarct and
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Fig. 9.1. Modern CT survey in a 57-year-old male patient
admitted to our emergency room with a left hemisyndrome,
including an unenhanced CT (first row), a perfusion CT (PCT)
(rows 2 through 5) and a CT angiogram (CTA) (right column).
The unenhanced CT ruled out a cerebral hemorrhage. From
the PCT raw data, three parametric maps were extracted, re-
lating to mean transit time (MTT, second row), cerebral blood
flow (CBE third row), and cerebral blood volume (CBY, fourth

(mil/100g)

row), respectively. Application of the concept of cerebral vascu-
lar autoregulation led to a prognostic map (fifth row), describ-
ing the infarct in red and the penumbra in green, the latter be-
ing the target of acute reperfusion therapies. CTA identified an
occlusion at the right M1-M2 junction (arrow) as the origin of
the hemodynamic disturbance demonstrated by PCT. CTA also
revealed a calcified atheromatous plaque at the right carotid
bifurcation (arrowhead)
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penumbra (WINTERMARK et al. 2002a, 2002b, 2006b)
and also in terms of selection of patients for acute rep-
erfusion therapies (WINTERMARK et al. 2007b). PCT
requires a shorter scan time and is usually more widely
available in the emergency setting compared to MRI. As
such, it represents a very appealing imaging technique
to assess acute stroke patients (WINTERMARK and Bo-
GOUSSLAVSKY 2003; KasTE 2004). However, there are
some specific situations (lacunar infarcts, posterior
fossa strokes, young patients) in which MRI is war-
ranted instead of PCT.

9.3.2
Cerebrovascular Reserve

In patients with known chronic cerebral ischemia
related to underlying carotid artery stenotic lesions,
CBF is usually preserved, at least initially, because
of the cerebrovascular reserve. The cerebrovascular
reserve represents the vasodilatation ability of
cerebral arteries to compensate for a CBF tending to
decrease and maintain this CBF at a normal level. In
patients with chronic cerebral vascular disorders, it
is necessary to quantify the residual cerebrovascular
reserve and to distinguish tissue that has used only a
limited fraction of its vasodilatation ability and still
has cerebrovascular reserve available as a buffer from
tissue that has exhausted its vasodilatation ability and
cerebrovascular reserve. The latter is at risk of ischemia,
which can be triggered by any hemodynamic stress,
and requires intervention to increased CBE usually
through carotid stenosis surgery or endovascular
treatment, or extracranial-intracranial artery bypass
(NARIAT et al. 1995).

Hemodynamic stress can be mimicked by using a
tolerance test such as acetazolamide administration in
conjunction with quantitative measurement of CBE
Although the exact mechanism of action is uncertain,
acetazolamide causes vasodilatation of normal cerebral
arteries and an increase in CBF in the corresponding
territory. Patients with impaired cerebrovascular re-
serve, however, are already maximally vasodilated due
to the response of cerebral autoregulatory mechanisms,
and thus cannot respond further to acetazolamide. CBF
does not increase, but remains stable or even decreases,
because of a steal phenomenon by the “healthy” arter-
ies (NARIATI et al. 1995). Acetazolamide is generally well
tolerated, with the most common side effects being cir-
cumoral numbness, paresthesias, and headache. One
case of acetazolamide-associated reversible ischemia
has been reported (Komivama et al. 1997).

Xenon CT (Yonas et al. 1998), PET (NARIAI et al.
1995), SPECT (HirANoO et al. 1994), transcranial Dop-
pler sonography, and perfusion MR imaging (DETRE et
al. 1999) have all been used to evaluate cerebrovascular
reserve with the acetazolamide test. Recently, PCT has
been used to perform acetazolamide challenges (EasT-
wooD et al. 2002; SMITH et al. 2008). Implementation
of acetazalomide challenges is always the same, inde-
pendently of the technique used to assess brain perfu-
sion. Patients undergo a first brain perfusion imaging
study. Subsequently, 1 g of acetazolamide is adminis-
tered intravenously, followed 20 min later by another
PCT brain perfusion imaging study.

The quantitative results potentially available with
PCT may provide an advantage over qualitative tech-
niques such as SPECT and perfusion MR imaging. The
ability to measure CBV and MTT may also be an added
advantage of PCT. Indeed, a recent study demonstrated
that the degree of impairment in cerebrovascular re-
serve, as assessed by clinical history, correlated most
closely with the change in MTT in response to aceta-
zolamide (SmiTH et al. 2008). This study also showed
that increased baseline MTT values may be a static,
quantitative indicator of compromised cerebrovascular
reserve in at-risk territories (SMITH et al. 2008).

9.3.3
Vasospasm

Vasospasm is a frequent complication after aneurys-
mal subarachnoid hemorrhage (SAH), causing sig-
nificant morbidity during the early post-SAH clinical
course. Angiographic evidence of vasospasm is present
in 60%-80% of patients with SAH, with approximately
32% of patients becoming symptomatic. Among pa-
tients with aneurysmal SAH who reach neurosurgi-
cal referral centers, it is estimated that 7% will be se-
verely disabled, and another 7% will die as a result of
vasospasm (MAYBERG et al. 1994; Awad et al. 1987).
Measurement of CBF can be useful in initial identifica-
tion of those patients at risk for cerebral ischemia, as
well as in guiding therapeutic decisions and monitoring
response to therapy (YoNas et al. 1989).

Various methods have been employed to measure
cerebral perfusion, including PET, SPECT (LEwIs et al.
1992), xenon CT (YoNas et al. 1989), and transcranial
Doppler sonography (CLYDE et al. 1996). Of these mo-
dalities, sonography has been the most widely used, but
has many limitations, as it is operator dependent, can-
not quantify CBF at the tissue level, and, alone, may not
be specific enough to guide therapy.
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At our institution, PCT is used in combination
with CTA to monitor cerebral perfusion in SAH pa-
tients with a positive Doppler study (Fig. 9.2). MTT
maps are reviewed for arterial territories with pro-
longed MTT values. Such a territory is considered at
risk for vasospasm, and the artery supplying this ter-
ritory is then evaluated by CTA for vasospasm. If CTA
of the corresponding artery is abnormal, the diagnosis
of vasospasm is made. Finally, the arterial territories
with MTT and CTA suggestion of vasospasm are care-
fully assessed for a decrease in cortical CBF values. If
present, the latter prompts a conventional angiogram
for possible endovascular treatment. This approach,
which is as sensitive as and more specific than per-

Fig. 9.2. Patient transferred at day 8 to our neu-
rovascular intensive care unit (ICU) from an out-

side institution after coiling of a ruptured anterior
communicating artery aneurysm. Unenhanced brain
CT obtained at the admission of the patient in our
neurovascular ICU demonstrated extensive residual
subarachnoid hemorrhage and suspicious loss of
gray-white matter contrast in the left superior frontal
gyrus (white arrows). The tip of a right ventricular
drain catheter is also visible. On PCT, significantly
abnormal brain perfusion in the distribution of the
anterior and inferior branches of the left (and also,

to a lesser extent, right) anterior cerebral arteries
(ACA) (arrowheads) and of the right posterior middle
cerebral artery (MCA) branches is seen primarily on
MTT maps. The CBF was also slightly decreased in the
same territories, whereas CBV was mainly preserved
[it is lowered only in the left superior frontal gyrus
(star)]. CTA confirmed the suspicion of moderate
vasospasm of both A2 and A3 segments of the ACA
(arrows), ultimately verified by gold standard digital
subtraction angiography (DSA). No abnormality of the
right posterior MCA branches was identified. Of note,
the artifacts created by the coils on the CTA images
obscure the A1 segments bilaterally and interfere with
their evaluation. Endovascular therapy (IA verapamil)
was performed in the ACA territories during the DSA

forming Doppler alone, allows obviating unnecessary
invasive angiograms in selected lower risk patients
(WINTERMARK et al. 2006¢).

9.3.4
Head Trauma

PCT has been used in severe head trauma patients, as it
affords insight into regional brain perfusion alterations
due to head trauma, with the major advantage of be-
ing able to detect regional heterogeneity (Fig. 9.3). Its
results show specific patterns, linked to cerebral edema
and intracranial hypertension. PCT allows distinguish-
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Contrast-enhanced CT

Fig. 9.3. Patient who fell from a 6-m height, admitted with
a Glasgow Coma Scale score of 9. Neurological examination
in the emergency room revealed an asymmetry of tone and
deep tendon reflex involving both right upper and lower limbs.
Admission contrast-enhanced cerebral CT demonstrated a
displaced left parietal skull fracture, associated with a large
cephalhematoma. A small left parieto-occipital epidural he-
matoma (white arrowhead) and a small contusion area (white

ing between patients with preserved autoregulation (or
pseudoautoregulation) and those with impaired auto-
regulation. It may help monitor cytotoxic and vasogenic
edema, and guide their treatment (WINTERMARK et al.
2004a, 2006a).
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star) could also be identified on the conventional CT images.
PCT demonstrated a much wider area of brain perfusion com-
promise (white arrows), with involvement of the whole left
temporal and parietal lobes, the latter showing increased mean
transit time (MTT) and decreased cerebral blood flow (CBF)
and volume (CBV). Thus, PCT afforded a better understanding
of the neurological examination findings on admission than
conventional CT

PCT is more sensitive than conventional unen-
hanced CT in the detection of cerebral contusions, with a
sensitivity reaching 87.5% versus 39.6% (WINTERMARK
et al. 2004b). PCT can detect altered brain perfusion
as a result of compression by an epidural/subdural
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hematoma (WINTERMARK et al. 2004b). Finally, PCT
offers prognostic information with respect to the func-
tional outcome, and this as early as on admission.
Normal brain perfusion or hyperemia is observed in
case of favorable outcome, and oligemia in case of un-
favorable outcome (WINTERMARK et al. 2004b). Head
trauma patients with altered brain PCT results might
be considered for more aggressive and early treatment
to prevent intracranial hypertension, whereas patients
with preserved brain perfusion might benefit from less
invasive treatment (WINTERMARK et al. 2004a, 2004b,
2006a).

9.3.5
Tumors

Tumors are inherently associated with increased an-
giogenic activity and neovascularization that results in
increased blood volume and hyperpermeability related
to the immature vessels (CENIC et al. 2000). Results
of previous studies have indicated that microvascular
permeability increases with increasing biologic aggres-
siveness of tumors, while a reduction in permeability
in response to antiangiogenic therapy correlates with
decreased tumor growth. Results of initial studies in
which measurements of CBV and permeability surface
product area (PS), a measure of microvascular perme-
ability, were obtained from PCT show PS to be predic-
tive of pathologic grade and to correlate with tumor mi-
totic activity (CENIC et al. 2000). Elevated PS values are
evident only in the tumor and not in the surrounding
tissues (ROBERTS et al. 2002a, 2002b). Finally, PCT may
help in distinguishing primary glial neoplasms from ex-
traaxial tumors and metastases (Fig. 9.4) (CIANFONI et
al. 2006). PCT may prove to be advantageous over MR
imaging in the assessment of tumor angiogenesis, given
the linear relationship between contrast agent concen-
tration and attenuation changes, the lack of sensitivity
to flow, the high spatial resolution, and the absence of
susceptibility artifacts. However, the exposure to ioniz-
ing radiation, the potential for adverse reaction to the
contrast agent, and the limited anatomic coverage are
limitations of CT, compared with MR, for evaluation of
the microvasculature (ROBERTS et al. 2002b, 2002a).
There are also reports describing the use of PCT
to evaluate squamous cell carcinomas of the head and
neck. Initial results revealed elevated PS, CBF, and CBV
and a lower MTT in the primary tumor site, compared
with those values in normal structures (GANDHI et al.
2003; Havano et al. 2007). PCT may provide a way to
measure tumor malignancy noninvasively, guide biop-
sies to the most malignant portion of the tumor, and as-

sess response to treatment. However, further investiga-
tion is still necessary to validate such an approach.

Controversies

The quantitative accuracy of the PCT CBF results is
debated. PCT CBF results were demonstrated in a few
small studies to be highly correlated with PET (Kupo
et al. 2003) and xenon-CT (WINTERMARK et al. 2001b)
quantitative values. As mentioned above, this however
requires appropriate selection of accurate arterial input
functions (WINTERMARK et al. 2007a).

The reproducibility of PCT post-processing has also
not been fully validated. Software to analyze the PCT
data is commercially available and relatively simple
to use, although training is required. Results of initial
investigations indicate that post-processing findings
are reproducible between different operators (SANELLI
et al. 2007a, 2007b). Another limitation of PCT is its
limited anatomic coverage. We described above two
alternative approaches to increase PCT coverage (two
separate PCT boluses and the toggle-table technique).
The limited coverage of PCT is becoming less and less
of an issue with the advent of large coverage, whole-
brain multidetector CT scanners. As a note, perfusion-
weighted MRI is often advocated because it provides
whole-brain coverage, but it can do so only at a cost.
Indeed, on most scanners, either of a long time of
repetition (2,000 ms), limiting the temporal resolution
of the acquisition and the accuracy of the perfusion
measurements, or of a low matrix size or large slice
thickness or interslice gap, limiting the spatial resolution
of the PWI maps, the limited coverage of PCT has been
demonstrated not to be an obstacle when assessing
the extent of a stroke for making treatment decision
(WINTERMARK et al. 2005a).

Conclusion

PCT is a very easy-to-use imaging technique to assess
brain perfusion. Its main application is the evaluation of
stroke patients, but clinical applications are quickly ex-
panding to include assessment of patients with chronic
cerebrovascular diseases, vasospasm, head trauma, and
brain tumors. Several limitations, including mainly
standardization and automation of the processing, re-
main to be addressed, hopefully in a close future.
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ABSTRACT

New generations of multi detector row CT
(MDCT) scanners offer previously unparalleled
options in neurovascular imaging. Comprehensive
stroke imaging with MDCT now usually includes
perfusion CT and CT angiography. Modern tech-
niques moreover also enable the retrieval of dy-
namic CT-angiographic data from the perfusion
CT, if a perfusion of the entire brain is performed.
Occlusions of the basilar artery can usually be
readily diagnosed in the CT angiography. CT an-
giography of the cervicocranial arteries also allows
to assess the degree of carotid artery stenoses and
of possible intracranial stenoses. Newer scanner
types lead to increasing sensitivity and specificity
parameters for detecting intracranial aneurysm.
Cerebrovenous thromboses can be diagnosed
with a venous CT angiography of the brain. Even
thromboses of small bridging and internal cerebral
veins can usually be readily discerned.

Background

In the early 1990s the first spiral CT scanners using only
one detector row were introduced. With the advent of
multi detector row CT scanners (MDCT) in 1998, larger
scan volumes and an improved longitudinal resolution
at a shorter scanning time was archived by simultane-
ous acquisition of multiple slices per gantry rotation.
The acquisition of volume data using the spiral scanning
technique was a ground-breaking step in CT develop-
ment. With volume data sets it became for the first time
possible to reconstruct images in any orientation along
the patient axis (CRAWFORD and KiNG 1990; KALENDER
et al. 1990) enabling applications like CTA and thereby
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revolutionizing non-invasive assessment (RUBIN et al.
1995). Also, three-dimensional reformations like MPR
(multi planar reformations), MIP (maximum intensity
projections), VRT (volume rendering technique) and
SRT (surface rendering technique) could be attained
from volume data sets (NAPEL et al. 1993).

In 2004, 32- to 64-slice CT systems were introduced
establishing neurovascular CT-angiographic examina-
tions in a submillimeter resolution and thereby enabling
isotropic reformations and acquisitions in a strictly ar-
terial phase (FLOHR et al. 2002a, b; ERTL-WAGNER et al.
2005). In 2008 the first 320-slice CT prototype system
was introduced.

The first dual-source-CT was installed in 2006. Us-
ing two tubes and detectors mounted orthogonally, it
became possible to acquire one axial image by a gantry
rotation of 90° instead of 180° at single-source scanners.
This cuts acquisition time by half, which is an important
factors especially in cardiac imaging (FLOHR et al. 2006).
It is also possible to run the two tubes at different volt-
ages—the so-called dual-energy-CT-mode, e.g. with 140
and 80 kV—in order to obtain different attenuations for
material decomposition (JoHNSON et al. 2007). This can

Table 10.1. Scan parameters: non-enhanced cranial CT

4-8 detector row
scanners

Parameters

also be used for selective bone-removal or iodine quan-
tification without motion-artefacts or misregistrations.

In addition to the fast-paced innovations of new
scanners, new developments in post processing with
semi-automatic quantifications of stenoses or bone-re-
moval techniques had a pronounced influence on cur-
rent clinical routine (ANDERSON et al. 1999; CHAPPELL
et al. 2003). Modern neurovascular CTA as a non-inva-
sive imaging modality is more and more replacing con-
ventional diagnostic DSA (LELL et al. 2006; ToMANDL
et al. 2006; HoH et al. 2004).

Protocol Parameters for Neurovascular MDCT

As there are numerous different MDCT-systems on the
market, a multitude of optimized scanning protocols
are available for neurovascular imaging depending on
the respective systems. Sample protocols for NECT are
provided in Table 10.1, while sample protocols for CTA
are shown in Table 10.2 (ERTL-WAGNER et al. 2004).

32-64 detector row
scanners

10-20 detector row
scanners

Scanner protocol

Tube voltage (kV) 120

Rotation time (s) 0.75

Tube current time product (mAs) 190-250
CDTlIvol <60

Collimation (mm) 2.5

Normalized pitch 0.65-0.85

Scan range

Scan direction Craniocaudal

Reconstruction settings

120 120

1.0 1.0

190-250 350

CDTIvol <60 CDTlIvol <60
1.5 0.6
0.65-0.85 0.85

Sagittal suture to foramen magnum

Slice increment (mm)

Whole brain reconstructions: 5 or

Split reconstructions: supratentorial: 8, and infratentorial: 3

Slice thickness (mm)

Whole brain reconstructions: 5 or

Split reconstructions: supratentorial: 8 and infratentorial: 3

Kernel Standard
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If a purely intracranial CT is to be performed, it
should be kept in mind that most of the latest MDCT-
systems do not allow the gantry to be tilted for spiral
scanning. Therefore, the only option to keep the radia-
tion-sensitive eye-lenses out of the radiation beam is by
correcting the patient positioning (Fig. 10.1).

In addition, it needs to be considered that spiral CT
scanning always includes a short area of overbeaming,
i.e. a radiation exposure in front and at the end of the
imaging scan range that exceeds the scan range, and an

Table 10.2. Scan parameters: CTA

4-8 detector row
scanners

Parameters
scanners

10-20 detector row

area of overranging to obtain additional data required
for interpolation. Overbeaming depends on the diame-
ter of the imaging beam, which correlates to the number
of used detectors and the collimation. For instance, on
a 64-detector row scanner only the inner 20 detectors
can be used for imaging and therefore a smaller beam is
used, reducing the area of overbeaming and overrang-
ing, but increasing scan time.

Modern MDCT scanners allow to cover long scan
ranges with a single scan. This is advantageous for neu-

32-64 detector row
scanners

Dual-energy scanners

Scanner protocol

Tube voltage (kV) 120 120 120 Tube-A: 140
Tube-B: 80

Rotation time (s) 0.5 0.33-0.5 0.33 0.33

Tube current time pro-  135-200 135-200 135-240 Tube-A: 55

duct (mAs) Tube-B: 230

Collimation (mm) 1-1.25 0.6-0.75 0.6 0.6

Normalized pitch 0.9-1 0.9-1 0.9-1.2 1.0

Scan range Intracranial scans: sagittal suture to foramen magnum

Scans including extracranial vasculature: aortic arch to sagittal suture

Scan direction Caudocranial Craniocaudal for standard scans in a late arterial phase, caudocranial for
scanning in a explicit very early arterial phase (e.g. aneurysm visualization

in therapy-planning)

Reconstruction settings

Slice increment (mm) 1 0.6 0.4-0.5 0.4-0.5

Slice thickness (mm) 1.25 0.75-1 0.6-0.75 0.6-0.75

Kernel Standard CTA-kernel for cross-sectional MPR and MIP reformations (e.g. H20 for Siemens scan-
ners), using softer kernels (e.g. H31 for Siemens scanners) for VRT or SRT reconstructions can

provide more convenient results

Contrast agent injection protocol

Concentration (mg 300-400
iodine/ml)
Volume (ml) 80-120 80-100 80-100 80-100

Injection rate (ml/s) 3-4, monophasic injection

Saline pusher (ml; ml/s) 30; 3.0

Delay (s) Automatic bolus detection at aortic arch plus 3-6 s if available, if not available 20 s for strict intra-

cranial scans, 12-15 s for scans including extracranial vasculature
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Fig. 10.1. Correct patient positioning for intracranial scans,
light box indicates the scan volume, eye-lenses outside of scan
volume. Note the titanium coils after endovascular coil embo-
lization of an aneurysm at the anterior communication artery
(ACoA)

rovascular CT, especially in stroke-imaging, as all su-
praaortic arteries can be visualized from their origin
at the aortic arch to the circle of Willis including its
branches. However, the easy availability and high qual-
ity of these long scan ranges can be tempting to cover
longer scan ranges as indicated for the individual diag-
nostic evaluation and thereby increasing radiation dose.
The scan ranges should always be individualized for the
respective patient situation and limited to the diagnos-
tically relevant area in order to protect radiation sen-
sitive organs such as the thyroid gland and the lenses
of the eye. If available, dose-modulation functions on
the scanner side should always be used in cervical CTA
in order to reduce the radiation dose at the upper and
mid-cervical levels and to achieve enough dose at the
lower cervical level, i.e. the shoulder region.

With modern MDCT scanners, the indications for
sequential CT scanning—as opposed to spiral scan-
ning—are usually limited to dynamic protocols such
as perfusion CT (PCT) and to sequential scans of the
infratentorial brain or skull base. Sequential scanning
can reduce beam hardening artefacts and overbeaming;
however, 3D-refomation options are limited.

For dynamic CT-perfusion, it is mandatory to pre-
vent any motion of the patient’s head during the entire
scanning period, either by explicit instructions to the
patient, or by effective fixation. For fixation in uncon-
scious patients large patches covering the forehead and
the headrest are preferable to hook-and-loop fasteners
and cushions.

Sample scan parameters for CT-perfusion scan-
ning are:
e Tube voltage 80 kV
Tube current 120-240 mAs
Rotation time 1 s
Scanning time 40-45 s
Start delay of 6 s

For application of 40-50 ml contrast agent at a flux of
5-10 ml/s, a central venous catheter or an 18-gauge in-
jection catheter at the cubital vein is mandatory. Using
a saline pusher at the same injection speed directly after
contrast agent administration improves the quality of
the arterial input function.

In 2007 a new imaging technique was introduced.
During sequential perfusion acquisition the table
moves in cranio-caudal direction periodically. This
technique offers PCT scan ranges of 10 cm and more—
independently of the width of the detector. Multiplanar
reformations can be used analogous to “conventional”
spiral scan data. Non-static cycle time settings can help
to reduce radiation dose significantly, e.g. high tempo-
ral resolution in the first-pass-phase with 1-1.5 s scan
interval for 20-30 s followed by lower temporal resolu-
tion with 3-4.5 s for 10-20 s in the second-pass phase.
Large volume data sets acquired by broad detector CT
(e.g. 320-slice-CT) or by sliding-table-technique can
also be used to reconstruct angiograms out of the PCT
data, if necessary even in different contrast phases, e.g.
arterial or venous phase.

Clinical Applications
of Neurovascular MDCT

There are numerous applications and indications for
neurovascular MDCT. These include comprehensive
stroke imaging, evaluation of the extra- and intracra-
nial vasculature of head and neck, as well as preopera-
tive therapy planning. In this chapter we will focus on
the most commonly used and on more specialized, but
highly relevant neurovascular MDCT applications.

10.3.1
Comprehensive Stroke Imaging

In most clinical settings, suspected ischemic or hae-
morrhagic stroke is the most frequent indication for
emergency CT. CT is widely available and rapidly per-
formed—these advantages are crucial parameters in
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stroke, where “time is brain”. Even though modern MR
imaging is a very valuable methods to evaluate early
stroke, only a small number of specialized radiology/
neuroradiology departments offer stroke-MRI in a 24/7
time frame.

Historically, NECT was the only CT method avail-
able. Even in modern stroke MDCT, the evaluation al-
ways starts with standard NECT. NECT allows one to
differentiate between hemorrhagic and ischemic stroke,
and also to exclude many other differential diagnoses.
In case of a subarachnoid haemorrhage (SAH), a sub-
sequent intracranial CTA should be performed (see
Sect. 10.3.4) (TomANDL et al. 2003). If no haemorrhage
or other obvious reasons for stroke-like symptoms are
identified and contraindications for the administration
of contrast medium are absent, the next step is usually

Fig. 10.2. a A 59-year old male patient with known colorec-
tal cancer and acute hemiparesis. NECT 1 h after stroke-onset
does not show any early stroke signs, hemorrhage or edema.
b MIP reconstruction of intracranial CTA scan shows a stop of
contrast agent (arrows) at the distal main stem of the left mid-
dle cerebral artery (MCA). ¢ Dynamic perfusion-CT (PCT)
analysis reveals subtotal restriction of cerebral blood flow

to perform a PCT followed by a CTA of brain and neck.
As an alternative, some centres acquire the CTA prior to
PCT in order to obtain better CTA results. There is an
on-going discussion about the order of the administra-
tion of contrast agent for CTA and PCT. CT studies will
have to prove whether the result of MR-perfusion stud-
ies showing no relevant influence regarding the order
of MR-perfusion and MRA also pertain to PCT (Ryu
et al. 2006).

After performing CTA and NECT, it is important to
evaluate any discrepancies between early stroke signs
or visibly manifest infarction in NECT (Fig. 10.2a) and
potential occlusions of vessels in CTA (Fig. 10.2b). It is
therefore mandatory to check every segment of the in-
tracranial arteries. Additional axial MIP reformations
with a slice thickness of 5 mm and an increment of

(CBF) at the left frontal and parietal lobe. d Analogue to the
CBF the cerebral blood volume (CBV) parameter map shows
extreme loss of blood volume corresponding to a dysfunction
of vessel auto-regulation, a sign for infarction. e Nearly no con-
trast agent delivery to the infarcted brain territory during the
whole scan period (40 s) is shown at the Time-to-peak (TTP)
parameter map
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Fig.10.3. a NECT of a 72-year old female unconscious patient shows no early stroke signs or hemorrhage. b Sag-
ittal MIP of the CTA data set delineates proximal vessel occlusion (arrow) of the left internal carotid artery (ICA).
¢ High-grade stenosis of the contra lateral (right) ICA with only weak contrast enhancement of the distal ICA (ar-
rows), sagittal MIP. d VRT reconstruction of CTA data visualizes the occlusion of the left ICA (arrow) at the carotid
bulb. Note the non-occluded external carotid artery (arrowhead). e (see next page)

1 mm can provide a very convenient and fast overview
of all cerebral vessels (ERTL-WAGNER et al. 2006). Most
commonly, thrombembolic occlusions can be found in
one of the middle cerebral arteries (MCA). In addition,
potential hemodynamic stenoses or dissections need to
be sought for. These are most commonly located in the
proximal internal carotid artery (ICA) in close proxim-
ity to the carotid bulb (Fig. 10.3a-h). Other common
locations for relevant stenoses are the proximal portion
of the common carotid artery and the distal, intracra-
nial part of the ICA. Dissections are often located at the
ICA and at the vertebral arteries.

If the extent of a cerebral infarction appears to be
less extensive in NECT than would be concordant to
the territory of the occluded vessel, a perfusion analy-
sis is indicated (if PCT has not already been acquired
before) (Figs. 10.2c—e and 10.3¢,f) (WINTERMARK 2005;
Kroska et al. 2004). For perfusion CT (PCT), sequen-
tial slices are acquired in cine mode during an intrave-
nous contrast injection, typically with a high flow rate
of 5-10 ml/s and a scanning time of 40 s. By using PCT,
it is possible to distinguish ischemic brain tissue (“tissue
at risk’;, “penumbra”) from infarction, thereby support-
ing therapeutic decision-making in regard to whether
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Fig. 10.3. (continued) e CBF shows a strong flow restriction at the left MCA territory, PCT. f CBV
shows a mild reduction of blood volume at the left MCA territory as a sign for dysfunction of the
auto-regulation of the vessel and infarction. g TTP visualizes the prolonged contrast agent delivery
at left ICA territory as well as at the right (post-stenotic) ICA territory. No prolongation at the ter-
ritories of the posterior cerebral arteries. h NECT follow up after two days of stroke-onset shows
complete infarction of the left MCA territory (arrows)

a thrombolysis or mechanical recanalization may be of
benefit to the patient.

Depending on the vendor of the scanner, mainly
two different mathematical reconstruction models are
used for analysing PCT—the maximum slope/gradient
model (e.g. Siemens and Vitrea) and the deconvolution
model (e.g. GE and Toshiba). Both models provide pa-
rameter maps of cerebral blood flow (CBF) and relative
cerebral blood volume (rCBV). In addition, the time-
to-peak (TTP, maximum slope model) or the mean-
transit-time (MTT, deconvolution model) are shown.

In non-ischemic brain tissue, the CBF value is about
50-80 ml blood per 100 mg brain per minute. Flow
reductions below 10-15 ml/100 mg/min usually lead
to irreversible infarction after a few minutes. CBF val-

ues of 10-25 ml/100 mg/min tend to cause neurologi-
cal dysfunction, but a complete recovery may occur, if
normal levels of perfusion are restored within hours
or days. CBV values reflect the extent of regional au-
toregulation. Regional CBV is usually increased at the
penumbra as a result of vasodilatation to compensate
for regional CBF lowering. Low or normal CBV values
at regions with lowered CBF are normally predictive of
irreversible infarction.

PCT can also aid in evaluating patients with a new
onset of stroke symptoms and old infarctions in the
patient’s history or patients with multiple high-grade
stenoses in different vessel territories (Fig. 10.4a-d).

There is a new theoretical approach for estimating
perfused blood volume from CTA and NECT volume




130

D. Morhard and B. Ertl-Wagner

Fig. 10.4. a An 80-year old male patient with high-grade
stenosis at the left carotid bulb. VRT reconstruction of the
CTA dataset clearly delineates the stenosis (arrow). b Coronal
thin-MIP reconstruction provides more detailed information
about the stenosis (arrow). ¢ SRT reconstruction after region-
grow-based bone-removal. Aortic arch, subclavian arteries and
extracranial carotid arteries remain visible. Vertebral arteries
and distal segments of the external carotid artery have been re-
moved by the bone-removal algorithm. Typical bone artefacts
(arrowheads) at the infraclinoidal intracranial segments of both

ICA after region-grow bone-removal. Stenosis of the left carot-
id bulb indicated by arrow. d Computer-aided vessel analysis
(Syngo Advanced Vessel Analysis, Siemens Medical Solutions,
Erlangen, Germany). MPR reconstruction in axial orientation
to the vessel with threshold based diameter and area calcula-
tion of the vessel lumen (a). Stretched MPR view of the traced
vessel showing the whole vessel in one image, marks indicate
user-driven quantifications (b). Original axial CTA data (c).
SRT reconstruction after bone-removal with vessel trace (d)




MDCT in Neuro-Vascular Imaging

131

data, with a recent study showing promising results
(Kroska et al. 2007); however, further evaluation of
this technique is needed.

10.3.2
Carotid Artery Stenosis

Carotid atherosclerosis is an important predisposing
factor for ischemic stroke, and patients with high-grade
stenosis of the carotid arteries are known to benefit

from endarterectomy or stent-angioplasty. An exact
determination of the degree of a carotid artery stenosis
is crucial for therapeutic decision making (LELL
et al. 2006). Several studies have demonstrated reliable
results using MD-CTA compared to other imaging

techniques (CLEVERT et al. 2006; HACKLANDER et al.
2006; SILVENNOINEN et al. 2007; ERTL-WAGNER et al.
2004).

For evaluating carotid artery stenoses with MD-
CTA, the scan range should include the aortic arch and
the circle of Willis to ensure that stenoses at the origin
of the CCA, at the carotid bulb and at the carotid siphon
are reliably depicted (Fig. 10.4a,b). To avoid streak ar-
tefacts due to high contrast agent concentrations at the
superior vena cava at the beginning of the injection, it is
recommended to use a craniocaudal scan direction (DE
MONYE et al. 2006).

For image analysis semi-automatic bone-segmen-
tation/elimination algorithms can be used (Figs. 10.4c
and 10.5a). There are different approaches to bone-
elimination: The most commonly used algorithms

Fig.10.5. a Dual-Energy (DE) bone-
removal of neck-CTA, axial MPR. Note that
bone and calcified plaques (arrowheads) have
been completely removed. Stenotic vessel
lumen marked by contrast agent (arrows).

b DE bone-removal of CTA of the head,
axial MPR. All bony structures have been
removed, contrast agent at the ICA (arrows)
and the cavernous sine (arrowhead). ¢ DE
bone-removal, sagittal MPR. Contrast agent
at the ICA (arrows), removed calcified plaque
at the carotid bulb (arrowhead). d VRT of DE
bone-removal head and neck CTA. Removed
calcified plaque at the carotid bulb (arrow-
head)
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rely on threshold-based region-growing techniques
(Fig. 10.4c). These techniques can rapidly extract bone
or vessels as long as there is a clear separation between
both structures, e.g. in the cervical part of the carotid
arteries. The major disadvantage of this method is that
time-consuming manual corrections at the base of skull
are oftentimes necessary, as region-grow-algorithm reg-
ularly fail in this region. In addition, the application of
the algorithm on calcified plaques can result in exces-
sive reduction of the residual lumen, thus exaggerating
the degree of stenosis.

Alternatively, bone-subtraction algorithms exist that
use either NECT volume data (ToMANDL et al. 2006) or
dual-energy material decomposition (FLOHR et al. 2006,
JOHNSON et al. 2007) to subtract bone from the CT-an-
giographic data (Fig. 10.5a-d). After the segmentation
process, cross-sectional MPR images perpendicular to
the vessel can be aligned automatically using a center-
line function by a commercial vessel analysis tools. Op-
tional corresponding VRT reformations and stretched
vessel images (MPR) can provide anatomic orientations

(Fig. 10.4d). Manual or semi-automated measurements
of the vessel lumen diameter or area can be performed
on the basis of these cross-sectional images. When us-
ing semi-automated measurements, it is mandatory to
check for common errors in lumen quantification, espe-
cially in cases of branching or neighbouring vessels and
boundary identification in calcifications (BUCEK et al.
2007).

10.3.3
Basilar Artery Occlusions

Although the majority of cerebral infarctions are located
in the territories of the internal carotid arteries, 20% of
cerebral ischemic infarctions involve tissue supplied
by the vertebrobasilar circulation. Basilar artery occlu-
sion is a life-threatening condition whose unfavourable
spontaneous prognosis can only be improved by early
detection and subsequent aggressive recanalization
therapy (PFEFFERKORN et al. 2006).

Fig.10.6. a Basilar artery thrombosis. Coronal MIP reconstruction of
a four-slice-CTA data set showing normal contrast enhancement at the
top and the middle segment of the BA. Occluded lower BA and occluded
V4-segment of the right VA (arrows). Note the calcified plaque at the VA.
b Axial MPR showing the completely by thrombus occluded V4-segment
of the right VA (arrows) at the level of the calcified plaque (arrowhead).
¢ After thrombolysis follow-up 64-slice-CTA shows complete recanalisa-
tion of the former occluded V4-segment of the right VA (arrow), a high
grade stenosis at the level of the calcified plaque (arrowhead) remains
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In cases of suspected ischemia in the posterior circu-
lation, CTA offers a swift and easy to perform imaging
modality to rule out pathologies of the vertebrobasilar
arteries. The scan range should include the level of the
second cervical vertebra in order to include the passage
of the vertebral arteries (VA) through the dura mater.
In selected cases, a scan range including the entire ver-
tebrobasilar circulation from the origin of the VA at
the subclavian arteries provides additional information
about potential pathologies of VA at the neck, such as
dissections.

Additional sagittal and coronal or pseudo-coronal
MIP reformations parallel to the clinoid provide excel-
lent information about the basilar artery (Fig. 10.6a—c).
Additional VRT after bone-subtraction may be useful
to visualize stenosis.

Fig. 10.7. a,b NECT of a patient with SAH (Fisher°4) with
massive subarachnoidal haemorrhage at the Sylvian fissures,
perimesencephalic and at the tentorium (arrows). Intraven-
tricular blood clots (arrowheads) and aneurysm surrounded

10.3.4
Intracranial Aneurysms

Acute subarachnoidal haemorrhage (SAH) following
a rupture of a cerebral aneurysm is associated with a
high mortality. The incidence of intracranial aneurysm
is thought to be about 1.9%. CTA can be used for the
emergency evaluation of SAH in order to determine the
appropriate neurosurgical or endovascular intervention
for cerebral aneurysms and as a non-invasive screening
modality for patients with a familial predisposition for
developing intracranial aneurysms. The gold-standard
examination in SAH is still DSA. However, with mod-
ern MD-CTA techniques some authors now advocate
MDCT as the primary method of choice to evaluate

by SAH (black arrow). ¢,d CTA showing a large and roundly
shaped aneurysm (arrows) at the posteriolateral wall of the
right ICA, MIP. e VRT for treatment planning visualizes the
localisation and orientation of the aneurysm
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cerebral aneurysms (TIPPER et al. 2005; VILLABLANCA
et al. 2002).

With the latest generation of MDCT it is possible to
acquire CTA scan in a arterial phase without relevant
contrast enhancement of the cerebral veins, thereby fa-
cilitating the evaluation of the intracavernous segments
of the ICA much easier. If available, bone-subtraction is
strongly recommended for evaluating the infraclinoid
segments of the ICA (MORHARD et al. 2008). When
evaluating a CTA in a patient with SAH (Fig. 10.7a,b),
it is helpful to perform cross-sectional sliding-thin-
slab MIP reformations (Fig. 10.7¢,d). In addition, VRT
can be used for 3D visualization in therapy planning
(Fig. 10.7¢).

In contrast to primarily diagnosing aneurysms
with MDCT, follow-up of clipped or coiled aneurysms
with CT angiography faces considerable challenges,

as surgical clips or coils usually cause significant
beamhardening artifacts, thus altering the Hounsfield
unit values in surrounding soft tissue and vessels
(LELL et al. 2006).

10.3.5
Cerebral Venous Thrombosis

About 1% of all acute strokes or stroke-like events
are caused by cerebral venous thrombosis (CVT).
Thromboses can be located in the intracranial dural
sinuses, in the superficial cerebral veins or in the deep
cerebral veins.

On NECT, patients with CVT often demonstrate
venous infarctions (50%) with cortical/subcortical pete-
chial haemorrhages and oedema. The so-called “cord

Fig. 10.8. a Axial NECT demonstrates a hyperdensity of the superior sagittal sinus (SSS, arrow), no
contrast agent applied. b Sagittal MIP reconstruction of CTA delineating extensive thrombosis at the
SSS, as well as at the straight sinus and the confluens sinuum (arrows). ¢ CTA: empty triangle sign
at the SSS (arrows) in the axial MIP. d CTA: empty triangle signs at the SSS and the right transverse

sinus (arrows) in coronal MIP
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sign” (Fig. 10.8a) reflects a more hyperdense dural sinus,
which is filled with thrombotic material. The so-called
‘empty delta” or “empty triangle” sign (Fig. 18.8b-d)
refers to enhancing dura surrounding non-enhancing
thrombus. It can be found in 25%-30% of patients with
CVT in CTA.

When reporting a CTA of the intracranial veins and
sinuses it always needs to be considered that a large
number of anatomic variants and arachnoidal granula-
tions can mimic CV'T.

Cerebral CT venography provides anatomical im-
ages of the intracranial venous circulation in a consis-
tently high quality and can be used to rule out throm-
bosis and to preoperatively map venous structures
in patients with a neoplasm (Casey et al. 1996). CT
venography is considered to be superior to MR venog-
raphy in the identification of cerebral veins and dural si-
nuses and is at least equivalent in the diagnosis of dural
sinus thrombosis (OzsvATH et al. 1997). A scan delay
of 30-35 s after contrast administration usually leads to
a combined arterial and venous contrast, which can be
advantageous, when the symptomatology of the patient
is not clear-cut and arterial pathologies are in the dif-
ferential diagnosis.
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ABSTRACT

Prerequisites for optimal radiological findings of
the temporal bone are profound knowledge of the
complex anatomy, a CT technique with the best lo-
cal resolution, and a close cooperation with ENT
colleagues. MSCT, with its resulting post-process-
ing possibilities, clearly improves diagnostic safety.
This chapter gives a short overview of: (1) ana-
tomical structures that are relevant for the inter-
pretation of CT images of the temporal bone, (2)
technical points for achieving optimal multi-slice
CT images of the temporal bone, and (3) the cur-
rent importance of CT in the diagnostics of com-
mon and less common ear diseases in the context
of other diagnostic methods.

Introduction

The temporal bone is a region of difficult anatomy. Very
subtle structures require an adequate imaging tech-
nique. Diverse diseases are often difficult to diagnose
to their full extent by clinical methods alone. Of all the
fields of otorhinolaryngology, imaging plays the most
special role in the diagnostics of diseases of the tempo-
ral bone. Radiologists need to understand the questions
of clinicians and their way of proceeding. This chapter
starts with a summary of relevant anatomical structures
for the analysis of CT images. In the following, the main
points of the multi-slice CT (MSCT) technique are
briefly mentioned. The main emphasis is put on the ex-
planation of the current diagnostic importance of CT in
different diseases.
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Anatomy

According to the embryological development, several
parts can be differentiated in the temporal bone: the
petrous, tympanic, and squamous parts, and the styloid
process. The mastoid process is ventrally formed from
the squamous part and dorsally from the petrous part.

Fig. 11.1a-h. Anatomy. Coronal (a-d) and axial (e-h) high-
resolution MPR of the temporal bone from ventral to dorsal
(a-d) and cranial to caudal (e-h). Spaces: A Epitympanum,
B mesotympanum, C hypotympanum, D mastoid antrum, E
Prussak’s space, F sinus tympani. 1 Scutum, 2 promontory, 3

malleus, 4 incus, 5 stapes, 6 incudomalleolar joint, 7 tensor

Thin-sliced high-resolution CT visualises the bony two
thirds of the external auditory canal, middle ear struc-
tures, the cell system, and bony canals of the inner ear
very well. Often the drum is visible as a very fine line,
but it is better assessed by otoscopy. The drum is not of
direct radiological interest. A systematic analysis should
include the following (Fig. 11.1):
1. Bony part of the external auditory canal. Scutum:
spur at the cranial border of the external auditory

tympani muscle, 8 stapedius m., 9 cochleariform process, 10
oval window, 11 round w., 12 auditory tube, 13 vestibule, 14
superior semicircular canal, 15 lateral s.c., 16 posterior s.c., 17
cochlea, 18 vestibular aqueduct, 19 facial nerve segments: 19a
labyrinthine, 19b genicular fossa, 19¢ tympanic, 19d mastoid,
20 stylomastoid foramen, 21 internal auditory canal
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meatus to the middle ear, which is essential for the
diagnosis of cholesteatomas.

2. Middle ear. Spaces of the tympanic cavity: epitym-
panum, mesotympanum, hypotympanum, Prussak’s
space, sinus tympani; mastoid antrum. Promontory.
Ossicles: malleus (caput, collum, manubrium), in-
cus (corpus, short and long crus, lenticular process—
often only partly visible), stapes-best visible on
paraxial images (anterior and posterior crus, caput-

Fig. 11.1a-h. (continued) Anatomy. Coronal (a-d) and axial
(e-h) high-resolution MPR of the temporal bone from ven-
tral to dorsal (a-d) and cranial to caudal (e-h). Spaces: A Epi-
tympanum, B mesotympanum, C hypotympanum, D mastoid
antrum, E Prussak’s space, F sinus tympani. I Scutum, 2 prom-
ontory, 3 malleus, 4 incus, 5 stapes, 6 incudomalleolar joint, 7

inconstantly visible, basis within the oval window),
incudomalleolar joint, incudostapedial joint-incon-
stantly visible. Ligaments stabilise ossicles differ-
ently. In normal cases only some of them (especially
the lateral ligament of the malleus) are visible on
CT. Muscles: tensor tympani m.—its tendon is often
visible between the cochleariform process and man-
ubrium of the malleus, stapedius m.-within a small
pit at the dorsal wall of the tympanic cavity. Cochle-

tensor tympani muscle, 8 stapedius m., 9 cochleariform process,
10 oval window, 11 round w., 12 auditory tube, 13 vestibule, 14
superior semicircular canal, 15 lateral s.c., 16 posterior s.c., 17
cochlea, 18 vestibular aqueduct, 19 facial nerve segments: 19a
labyrinthine, 19b genicular fossa, 19¢ tympanic, 19d mastoid,
20 stylomastoid foramen, 21 internal auditory canal




140

S. Kosling, K. Neumann and C. Behrmann

ariform process-small osseous excrescence at the

medial tympanic wall. Windows: oval (vestibular)

w., round (cochlear) w. Auditory tube. Chorda tym-

pani-the tympanic part is rarely visible as a fine line

in the tympanic cavity near the manubrium mallei.

Cellulae mastoideae.

4. Inner ear: vestibule; semicircular canals: superior,
lateral, posterior; cochlea-2% turns (basal, middle,
apical), modiolus; vestibular aqueduct; cochlear aq-
ueduct.

5. Internal auditory canal: porus, fundus. Nerves
within the internal auditory canal are not visible on
CT images.

6. Facial nerve. The cisternal (within the cerebello-
pontine angle cistern) and canalicular (within the
internal auditory canal) segment cannot be demon-
strated on CT images. Well visible are the labyrin-
thine segment, genicular fossa = 1. knee, tympanic
segment, 2. knee (= crossing from the tympanic to
the mastoid segment), mastoid segment and stylo-
mastoid foramen.

et

Furthermore, the analysis should include foramina and
canals at the posterior and dorsal central skull base
(jugular foramen, carotid canal, foramen lacerum, fora-
men ovale and spinosum, canalis n. hypoglossi) and as
pseudofractures small sutures and canaliculi.

Fig. 11.2a,b. Inflammation. Coronal MPR. Secondary cho-
lesteatoma of the middle ear (a) with completely opacified tym-
panic cavity, destructed ossicles, small erosions along the walls
of the tympanic cavity, and at the canal tympanic facial nerve
segment (arrow), protrusion of the drum, soft tissue masses in
the external auditory canal, reduced mastoid pneumatisation.

Multi-Slice CT Technique

Temporal bone diagnostic requires the best local resolu-
tion. In the first place, this means a small slice thickness
(0.3-1 mm), bone algorithm, and a high zoom (low
field of view). In the majority of cases (cholesteatoma,
trauma, malformation, otosclerosis, and post-operative
diagnostics), the investigation is performed without
intravenous injection of contrast medium and recon-
struction of soft tissue images. Then a lower radiation
exposure can be taken, but it cannot be as low as in low-
dose CT of the paranasal sinuses because the increased
image noise would not allow a sufficient visualisation
of small details, especially of the stapes. Concrete val-
ues depend on the CT device used. The current limit
lies at about 120 mAs. Due to exquisite post-processing
possibilities, especially multi-planar reconstructions
(MPR), a spiral modus should be chosen. Prerequisite
for high quality MPR is a small increment (0.3 mm) and
for 3D reconstructions the use of soft tissue data. Often,
small details, such as the stapes, can be studied better
by means of several oblique reconstructions. If contrast
medium and soft window settings are needed (tumour,
otitis externa necroticans, and inflammatory complica-
tions), radiation exposure has to be higher. For specific

The diagnosis was known at the time of CT. CT was performed
to show the extent of the cholesteatoma. Otitis media chronica
mesotympanalis (b). The tympanic cavity is opacified, too. The
often reduced mastoid pneumatisation is not so pronounced in
this case, there are no signs of bony destructions or erosions,
and the drum is retracted
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details the investigation protocols of the Head and Neck
Working Group of the German X-Ray Society can be
recommended.

Pathology

11.4.1
Inflammation

Imaging is seldom necessary for inflammations, which
are the most common diseases of the temporal bone. In
many acute and less severe chronic inflammations (e.g.,
many kinds of external otitis, glue ear, actue otitis me-
dia, and otitis media chronica mesotympanalis), clinical
methods provide the needed therapeutic information.
CT indications are given in chronic aggressive in-
flammations, such as otitis externa necroticans, second-
ary cholesteatoma (Fig. 11.2a), and granulations of the
middle ear. The task of CT is mainly the assessment of
the extension of the inflammation, including bony de-
structions; it is not as often used for the presentation
of the concrete diagnosis. For instance, it is often easier
to differentiate an otitis media chronica mesotympana-
lis from a cholesteatoma by otoscopy than by CT. Cho-

Fig. 11.3a,b. Trauma. Axial MPR. Typical course of fracture
lines (arrows) in a longitudinal (a) and transverse fracture
(b). Opacities in the tympanic cavity and mastoid cells (a) are

lesteatoma and granulations may be indistinguishable
on CT. Further indications are extracranial inflamma-
tory complications, such as abscesses; for intracranial
complications, MRI is preferred. If there are hints that
an aggressive middle ear inflammation has spread into
the inner ear or intracranially, MRI has to be performed
additionally. Skull base osteomyelitis is a very rare in-
flammatory complication in which CT is indicative, but
for the detection of the full amount of bone marrow
involvement, MRI is needed. For differential diagno-
sis, CT signs of otitis media chronica mesotympanalis
(Fig. 11.2b) and tympanosclerosis should be known.
Possible calcifications developing in the course of laby-
rinthitis can only be identified by CT.

11.4.2
Trauma

CT is the method of choice in clinically suspected frac-
tures of the temporal bone. Fracture lines, fragment dis-
location, and potential complications (inclusion of the
facial nerve canal, carotid canal, and roof of the tym-
panic cavity) can be unequivocally detected. In routine
work, the traditional differentiation into longitudinal,
transverse (Fig. 11.3), and mixed fractures is used de-
spite newer classifications. As a result, the damage to the

bleedings after a trauma in first line. They occur more often in
longitudinal fractures. In transverse fractures the labyrinth is
usually involved, leading to a damage of inner ear function
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middle (longitudinal fractures) or inner ear (transverse
fractures) is explainable. MSCT and modern post-pro-
cessing clearly increase the detection rate of traumatic
ossicular chain lesions without reaching the diagnostic
accuracy of tympanoscopy. If there is a fracture line in
the carotid canal, vessel complications can be non-in-
vasively identified by CTA. In single cases, MRI can be
helpful in identifying the exact localisation of a facial
nerve injury. The diagnosis of labyrinthine contusion
can be indirectly made in cases of traumatically induced
decrease or loss of inner ear function without detection

of a fracture on CT.

11.4.3
Tumour

Tumours are rare pathologies in the temporal bone. In
the majority of cases they are benign-most commonly
schwannomas and paragangliomas are found that have
characteristic sites of origin. Both are slow growing.
Schwannomas mostly occur in the cerebellopontine
angle—a region where MRI is the preferred method.
Paragangliomas (glomus tympanicum and glomus
jugulare tumours) have a high vascularisation. CT dem-
onstrates the typical permeative osteolysis of glomus
jugulare tumours-the only real differential diagnosis
is a metastasis, but in contrast to glomus tumours, it
shows rapidly progressive cranial nerve palsies. Con-

Fig. 11.4a-c. Tumour. Contrast-enhanced MSCT with axial
(a), coronal (b) high-resolution MPR, and axial soft tissue
MPR (c). Localisation, high vascularisation, permeative oste-
olysis (arrow in a), typical path of extension (middle ear, along
the caudal and dorsal surface of the petrous bone) are highly
suggestive of a glomus jugulare tumour. CT clearly visualises

the extension in the carotid space and relationship to the in-
ternal carotid artery (c). The high age of this patient and very
advanced extension of the tumour lead to a decision for radio-
therapy
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trast-enhanced MSCT with reconstruction in soft tissue
and high-resolution algorithm is able to provide all the
needed therapeutic information (presumptive diagno-
sis; extension within the temporal bone, into the pos-
terior cranial fossa and/or the carotid and parapharyn-
geal space; relationship to the internal carotid artery)
(Fig. 11.4).

The most common malignant tumour of the tempo-
ral bone is carcinoma with the main localisation in the
external auditory canal. Clinically it is very difficult to
differentiate from otitis externa neroticans; on imaging,
the latter shows a more diffuse pattern. The diagnosis
is made by histology. The main task of imaging is the
exact description of the tumour extensions, including
the relationship to the middle ear and facial nerve. If CT
gives hints that the tumour is spreading intracranially,
MRI should follow. On principle, CT should be chosen
first in suspected tumours of the external auditory canal
and middle ear as well as in presumed glomus jugulare
tumours.

11.4.4
Malformation

The incidence of malformations of the temporal bone is
less than 1%. Malformations are characterised by a devi-
ation from normal anatomical development and regular

Fig. 11.5a,b. Malformation. Axial (a) and coronal (b) MPR.
Atresia auris congenita of middle degree-membranous atre-
sia (star) and stenosis of the external auditory canal (EAC),
hypoplasia of the tympanic cavity, reduced mastoid pneumati-
sation, slightly dysplastic malleus (arrow in b), which is fixed at

function. They can result from a developmental arrest,
irregular embryogenesis, or from both because of spon-
taneous genetic mutations, genetic transmission, and
exogenic factors, and may be found in syndromes. Due
to different embryological tissue of origin and different
times of development, typical and less typical combina-
tions of malformed parts of the ear result. Combined
external and middle ear malformations are common
(Fig. 11.5), isolated middle ear malformations are less
common than inner ear malformations, and combined
malformations of the middle and inner ear are rarities.

CT has a high clarification rate in suspected malfor-
mations of the external and middle ear, including the
detection of other causes for conductive hearing loss.
Only in a few cases can no cause be found. The rate
where imaging finds a morphological correlate in sus-
pected inner ear malformation is clearly lower (about
one fifth). CT is somewhat inferior in the detection of
inner ear malformations compared to MRL

Apart from the recognition of the malformation,
CT plays an important role in the estimation of the
degree of external and middle ear malformation and
in providing the required morphological information
for therapeutic planning. Malformed structures have
to be described exactly in the radiological findings. The
course of the facial nerve, the stapes, and windows are
the most important ones in planned surgery to restore
hearing.

the lateral wall of the tympanic cavity. The stapes (arrow in a)
is present. In this 4-year-old boy a congenital ear malformation
was known due to deformed auricles. CT was performed to
clarify the kind of EAC stenosis and assessment of the middle
ear morphology
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11.4.5
Otosclerosis

Otosclerosis is an osteodystrophy of unknown aetiol-
ogy in the enchondral labyrinthine capsule. Described
demineralised areas (otospongiotic foci) occur that os-
sify later (otosclerotic foci). Most of them are very well
detectable on CT. Commonly, they are localised near
the oval window (Fig. 11.6), less commonly near the
round window and around the cochlea and/or vestib-
ular structures. According to the site of foci, fenestral,
retrofenestral, and mixed forms are differentiated.

In the fenestral and mixed form, the diagnosis is
made clinically. Nevertheless, CT appearance should be
known for unclear cases and in patients with retrofenes-
tral form. A very similar CT morphology as in the latter
one can be found in Paget’s disease, but these patients
are normally older, and additional areas of the skull
base are involved. If the patient is investigated in the
pure otosclerotic stage and there are no hyperosteotic
formations along the medial wall of the tympanic cavity,
the diagnosis can be missed by CT.

11.4.6
Postoperative CT

Usually postoperative imaging is merely performed in
tumour patients, and then mostly as MRI. Postoperative

Fig. 11.6. Otosclerosis, fenestral type. Axial MSCT scan. Oto-
spongiotic plaque at the fissula ante fenestram (arrow)-ventral
of the oval window

CT of the temporal bone is mainly ordered because of
suspected complications and residuum or recurrence
of inflammation after mastoidectomy. After stapes
surgery due to otosclerosis, the visualisation of the
prosthesis can be required. For the correct interpreta-
tion of postoperative images, information about the
underlying disease, the kind and time of operation, as
well as information about current problems is needed.
Radiologists have to be familiar with the main operative
procedures—open and closed technique of mastoidec-
tomy, tympanoplasty type III, including the nowadays
often used prostheses for restoring hearing (partial
and total ossicular replacement prostheses-PORP and
TORP), and stapedoplasty—and with the normal post-
operative CT.

After cholesteatoma surgery (the main indication
for mastoidectomy), CT has been proven as a method
with a high negative value if there is a completely air-
filled cavity (Fig. 11.7a). In opacities the interpretation
may be difficult. Sometimes the analysis of the margin
is helpful; a small opacity with a smooth margin is a
scar. Bony erosions may be pre-existent. Only the com-
parison with preoperative CT can clarify this problem.
The tissue in a completely opacified cavity cannot be
differentiated by CT (Fig. 11.7b). If such a differentia-
tion is desired, which is not always the case, MRI can
be recommended. Dislocation of prostheses after tym-
panoplasty is well demonstrable by CT. It occurs often
in combination with recurrence of inflammation.

CT is the method of first choice in cases of persis-
tent or renewed vertigo and/or hearing loss after inser-
tion of stapes prostheses (Fig. 11.7¢c-d). It clearly reveals
dislocations of prostheses into the middle ear or vesti-
bule, scarring around the prosthesis, and the extent of
otospongiotic foci. On coronal MPR or 3D visualisa-
tion, incus necrosis can be shown as a late complication.
An air bubble at the prosthesis in the vestibule and/or a
small fluid collection in the sinus tympani is an indirect
sign for a perilymphatic fistula.

Take Home Points

Prerequisites for optimal radiological findings of the
temporal bone are profound knowledge of the complex
anatomy, a CT technique with the best local resolution,
and a close cooperation with ENT colleagues. MSCT
and the resulting post-processing possibilities clearly
improve the diagnostic safety.
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Fig. 11.7a-d. Postoperative CT. Axial MPR (a-c), paracoronal
MPR (d). Lines in ¢ show the slice orientation of d. Normal
CT after open mastoidectomy (a). Nearly completely opacified
cavity after open mastoidectomy (b) in which CT can demon-
strate the extension of opacities and situation along the walls of

the cavity, but it cannot clarify the kind of tissue that caused the
opacities. CT after stapedotomy (¢, d). The inserted prosthesis
(arrow in d) does not exactly reach the level of the oval win-
dow, which is demanded in regular postoperative results




146

S. Kosling, K. Neumann and C. Behrmann

References

Arbeitsgemeinschaft Kopf-Hals-Diagnostik der Deutschen
Rontgengesellschaft. ~ CT-  und
www.drg.de

AWMEF online. Leitlinien der Deutschen Rontgengesell-

schaft. Radiologische Diagnostik im Kopf-Hals-Bereich.

Schlifenbein. www.uni-duesseldorf.de/awmft/

Curtin HD, Som PM (2003) Head and neck imaging, 5th edn.

Mosby, St Louis
Harnsberger HR, Wiggins RH, Hudgins PA et al. (2004) Diag-
nostic imaging, head and neck. Amirsys, Salt Lake City

MRT-Protokolle.

Henrot P, Iochum S, Batch T et al. (2005) Current multiplanar
imaging of the stapes. Am ] Neuroradiol 26:2128-2133
Kosling S, Bootz F (2001) CT and MR imaging after middle
ear surgery. Europ J Radiol 40:113-118

Schuknecht HF (1993) Pathology of the ear, 2nd edn. Lea &
Febinger, Philadelphia

Sreepada GS, Kwartler JA (2003) Skull base osteomyelitis sec-
ondary to malignant otitis externa. Curr Opin Otolaryn-
gol Head Neck Surg 11:315-23

Swartz ], Harnsberger HR (1998) Imaging of the temporal
bone, 3rd edn. Thieme, Stuttgart New York




Pathologies of the Orbit

ULLRICH G. MUELLER-LISSE and JUERGEN LuTz

CONTENTS
—
ABSTRACT
12.1 Introduction 148

12.2 Orbital Anatomy 149 challenge to the diagnostic radiologist. The complex
12.2.1 Orbital Confines 149 A
1222 Surgical and Radiological anatomy of the orbit on the one hand and the mul-
Spaces Within the Orbit 150 titude of disease entities that may affect the orbit on
12.2.3  Orbital Foramina and Fissures the other hand demand a simple, well-structured ap-
and Their Contents 150 proach to diagnostic imaging. Subdividing the orbit
12.3 Orbital Tumors and Tumor- into four (or five) distinct spaces, i.e., the eyeball, the
Like Lesions 152 intraconal space, the optic nerve, and the extraconal
12.3.1 = Tumors of the Eyeball 152 space (with some authors adding the conal space as a
12.3.1.1 Retinoblastoma 152 9 "
separate compartment), facilitates both the localiza-
12.3.1.2 Melanoma 153 . . . X
12.31.3 Other Tumor-Like Lesions tion and characterization of orbital lesions and helps
of the Eyeball 153 the ophthalmic surgeon to select the best approach
12.3.2  Intraconal Tumors 153 to a lesion. Multidetector-row CT (MDCT), due to
12.3.2.1 Tumors of Peripheral Nerves 153 its thin collimation and resulting multiplanar image
12.3.2.2 Lymphoma 154 : - ;
_ reformatting capabilities, has greatly improved the
12.3.2.3 Tumor-Like Vascular o . . ¢
Lesions 154 precision of CT imaging of orbital pathology. MDCT
12.3.3  Tumors of the Optic Nerve 155 allows for multiplanar views of the bony orbital walls
12.3.3.1 Glioma of the Optic Nerve 155 and their apertures, i.e., the optic foramen, the supe-
12.3.3.2 Meningeoma of the Optic rior and inferior orbital fissures, and their respective
Nerve Sheath Complex 156 g g .
affection by trauma, tumor, or inflammation. Inclu-
12.3.4  Extraconal Tumors and . o o .
Tumor-Like Lesions 157 sions of gas or air within the orbit indicate complica-
12.3.4.1 Rhabdomyosarcoma 157 tions of facial trauma, inflammation of the paranasal
12.3.4.2 Various Extraconal sinuses, or head and neck tumors. However, due to
Tumofs and Tumor-Like the separation of the various soft tissue contents of
Vascular Lesions 157 the orbit by orbital fat tissue, MDCT also lends itself
12.3.4.3 Various Tumors
of the Lacrimal Gland 158
12.4 Orbital Trauma 158
12.5 Orbital Inflammatory
Disease 159
12.5.1  Idiopathic Inflammation U.G. MUELLER-L1ssE, MD
of the Orbit 159 MBA, Attending Radiologist, Associate Professor of Radiol-
12.5.2  Infectious

Pathologic lesions of the orbit continue to be a great

ogy, Health Care Management, Ludwig-Maximilians-Univer-
sity of Munich, Munich University Hospitals, Ziemssenstrasse
1, 80336 Munich, Germany

J. Lutz, MD

Resident, Department of Clinical Radiology, Ludwig-Maxi-
milians-University of Munich, Munich University Hospitals,
Ziemssenstrasse 1, 80336 Munich, Germany

Disease of the Orbit 159
12.6 Endocrine Orbitopathy 160
12.7 Summary 160

References 162




148

U. G. Mueller-Lisse and J. Lutz

to the assessment of primary intra-orbital lesions or
secondary affection of the orbit by lesions extending
from the face, the neurocranium, the skull base, or
distant primary malignancies.

Introduction

Due to the complex anatomy of the human face and
the close proximity of its structures to one another and

to the neurocranium, the human orbit presents a great
challenge to radiologists. The radiologist’s task may be
described as visualizing and seeing what ophthalmolo-
gists do not see with their own eyes and optical tools.
While the majority of lesions affecting the eyelids, the
conjunctiva, and the various structures of the eyeball are
accessible by means of optical instruments, disease af-
fecting the deeper structures of the orbit oftentimes does
not reveal itself to such inspection. Proptosis may be
the key clinical finding, and visual impairment the chief
complaint of the patient. While trans-bulbar ultrasono-
graphy may disclose the source of the lesion, computed
tomography (CT) and/or magnetic resonance imaging
(MRI) help to detect, localize, characterize, and deter-

Table 12.1. Suggested protocols for scanning, image reconstruction, and image reformation in MDCT of the orbit, midface, and
paranasal sinuses (modified and amended from: DAMMANN F (2006) Sinuses and facial skeleton. In: Bruening R, Kuettner A,
Flohr T (eds) Protocols for multislice CT, 2nd edn. Springer, Berlin, Heidelberg, New York, pp 101-105

Parameters Number of CT detector rows

Scanner settings 4-8 rows 10-16 rows 32-64 rows'
Tube voltage (KV) 120 120 120
Rotation time (s) <1 <1 <1

Tube current time product (mAs) 20/200* 20/90-200* 20/90-200*
Pitch-corrected tube current time product (eff. mAs) 20/220* 20/140-200* 20/140-200*
Collimation (mm) 1.00-1.25 0.625-0.750 0.600-0.625
Norm. pitch 0.9 0.6-1.0 0.6-1.0
Reconstruction increment (mm) 0.6 0.5 0.5
Reconstruction slice thickness (mm) 1.00-1.25 0.75-1.00 0.60-0.75

Convolution kernel Bone, brain, soft tissue®

Scan range and direction (from-to) Craniocaudal frontal sinus-maxilla (dental alveoli)

Reformations, required Multiplanar (MPR)

Reformations, optional Curved MPR, 3D volume rendering (VRT)

Contrast media application Depends on clinical indication

'MDCT scanners with 32-64 detector rows allow for restriction to 16-40 detector rows. Ideally, the number of rows should be
selected such as to result in the lowest CTDIvol and effective dose for the scan

*Tube current settings exceeding 100 mAs should be restricted to tumorous or complex disease or complicated inflammatory dis-
ease, particularly when intravenous contrast media are administered. Unless particularly complicating, trauma or benign disease
should be examined at low dose settings

*Selection of convolution kernels should be adapted to the clinical question. Complex disease of the orbit may require all three
kernels, since it may affect facial bone, facial and orbital soft tissue, and brain matter
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mine the extent and destructive properties of lesions of
the orbit. Multidetector-row CT (MDCT) has greatly
increased the speed and the spatial resolution of CT im-
ages, such that image reconstruction in any desirable
plane and volume-rendering techniques may now help
radiologists to assess lesions of the orbit (Table 12.1).

Orbital Anatomy

12.2.1
Orbital Confines

The orbit is defined as the anatomic space in the skull
that contains the eyeball and its accessory organs. At the
orbital apex, many nerves and blood vessels pass from
the orbit into the cranial cavity and vice versa. The orbit
is pyramidal in shape, with four bony walls narrowing
posteriorly toward the apex.

a
bb

Fig.12.1a-c. Squamous cell carcinoma of the upper and low-
er eyelid (arrows) displaces left eyeball laterally (a, axial MDCT
image) but not superiorly or inferiorly (b and ¢, coronal and
sagittal MDCT images). While the tumors extend from skin

e Superiorly, below the frontal sinus and the anterior
cranial fossa, the orbital roof is shaped by the frontal
and sphenoid bones.

® Medially, the bony orbit is confined by the ethmoid,
lacrimal, sphenoid, and maxillary bones. The most
anterior part of the medial wall of the orbit includes
the nasolacrimal fossa, with the aperture of the na-
solacrimal duct.

¢ Inferiorly, the orbital floor covers the top of the
macxillary antrum and sinus. The orbital floor and
the medial orbital wall are the weakest parts of the
bony orbit. The orbital floor is shaped by the maxil-
lary, zygomatic, and palatine bones.

e Laterally, the orbital wall includes parts of the zy-
gomatic, sphenoid, and frontal bones and neighbors
the temporalis fossa laterally and the middle cranial
fossa posterolaterally.

e Anteriorly, the bony orbit ends in the orbital rim
or entrance, which is the strongest part of the bony
orbit. Covering or extending from the orbital en-
trance, the eyelid complex with its medial and lateral
canthal tendons, the orbital septum, and the eyeball
define the facial aspect of the orbit. The orbital sep-
tum is a thin, elastic membrane that separates the
intra- and extra-orbital spaces and acts as an impor-
tant barrier to disease (Fig. 12.1) (HINTSCHICH and
RosE 2005; Aviv and CASSELMAN 2005).

2

surface to conjunctiva, there is no evidence of intra-orbital
extension. The orbital septum constitutes an important barrier
that prevents disease to enter the orbit from the face
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12.2.2
Surgical and Radiological
Spaces Within the Orbit

Inside the orbit, four surgical spaces may be distin-

guished, namely, the subperiosteal or extraperiosteal

space, the extraconal space, the intraconal space, and
the sub-Tenon’s space.

e The subperiosteal space exists only when created
surgically or filled in by a pathological process. It
lies between the bony orbital walls and the perior-
bita. The periorbita is loosely attached to all bones
of the orbit and to the orbital septum and consists
of multiple connective tissue septa that separate the
contents of the orbit from its bony confines.

¢ The extraconal space contains the oblique muscles
of the eye, the trochlea, the motoric trochlear nerve,
the sensory nerves, some blood vessels, orbital fat
tissue, and the lacrimal gland. The lacrimal gland is
the largest structure within the extraconal space and
lies behind the orbital rim in the superotemporal
quadrant of the orbit.

e The intraconal space is defined by the rectus mus-
cles and their interconnecting septa. It contains
the optic nerve, motor nerves, some blood vessels,
and intraconal orbital fat tissue. Among the intra-
conal blood vessels, the ophthalmic artery, which
branches off from the intracranial internal carotid
artery, enters through the optic foramen. Near the
orbital apex, the central retinal artery takes off from
the ophthalmic artery and runs caudal to the optic
nerve, whose dura mater it usually enters approxi-
mately 1 cm dorsal to the eyeball.

¢ The sub-Tenon’s space is located between the eyeball
and the anterior surface of Tenon’s capsule, which
separates the intra-orbital fat tissue from the poste-
rior aspect of the eyeball. It is a potential space that
can be enlarged by inflammatory fluid (as in pos-
terior scleritis) or infiltrated by extraocular exten-
sion of intraocular tumors (as in uveal melanoma)
(HINTSscHICH and ROSE 2005).

For the purposes of radiological cross-sectional image
interpretation, the orbit may also be subdivided into
four distinct spaces.

e The extraconal and intraconal spaces may be de-
fined as above (MUELLER-FORELL and P11z 2004;
Aviv and MiszkIeL 2005; HINTscHICH and ROSE
2005; LEMKE et al. 2006).

e Within the intraconal space, the optic nerve may
be distinguished as an entity in its own right, since
there are diseases that primarily affect the optic

nerve and its meningeal covering without necessar-
ily affecting other structures within the intraconal
space to a similar degree (MUELLER-FORELL and
P11z 2004; LEMKE et al. 2006).

¢ The eyeball represents the fourth radiological space
(MUELLER-FORELL and P11z 2004), while the sub-
periosteal space only appears as a distinct compart-
ment within the orbit at cross-sectional imaging
when it is filled with pathologic fluid collections,
such as pus or blood, or with pathologic tissue, such
as tumor tissue.

e It has also been argued that the conal muscles, i.e.,
the superior, inferior, medial, and lateral rectus
muscles of the orbit, along with their tendons and
connective tissue layers, represent a space of their
own (the “conal” space) and that this space may
be affected by disease in its own right (Aviv and
MiszkieL 2005). However, this view is not shared
by all authors.

12.2.3
Orbital Foramina
and Fissures and Their Contents

The bony confines of the orbit include various foramina
and fissures that accommodate different neurovascular
structures, which are essential for normal ocular func-
tion (Table 12.2).

¢ In the center of the orbital apex, medial to the su-
perior orbital fissure, the optic foramen contains
the optic nerve and its meninges and the ophthal-
mic artery. Starting at the optic chiasm, the optic
nerve measures approximately 4mm in diameter,
extends intracranially toward the orbital canal for
approximately 10mm, passes through the intra-
canalicular section for about 9mm, and takes an
S-shaped curve toward the eyeball for its 30 mm of
intraorbital length. Intraorbitally, the optic nerve is
surrounded by meningeal dura mater, arachnoid,
and pia mater layers from the optic foramen to the
eyeball. The intracanalicular part of the optic nerve
is immobile due to the fusion of the dura mater to
the periosteum of the optic canal. This particular
feature renders the intracanalicular part of the op-
tic nerve vulnerable to the impacts of blunt trauma,
hemorrhage, and edema (Aviv and CASSELMAN
2005; HinTscHICH and Rosk 2005).

e The superior orbital fissure is located posteriorly
and superiorly to the inferior orbital fissure, at the
junction of the lateral wall and the roof of the orbit.
It is subdivided into a lateral and a medial compart-




Pathologies of the Orbit

151

Table 12.2. Orbital foramina and fissures and their contents

Foramen or Fissure Contents

Optic foramen

Superior orbital fissure

Inferior orbital fissure

Lacrimal foramen/Hyrtl’s canal
Zygomatico-frontal foramen
Ethmoidal foramina (ant./post.)
Supraorbital notch/foramen

Infraorbital groove/foramen

II (optic nerve and accompanying meninges)

Ophthalmic artery

III (superior and inferior division)

I\Y%

V1 (lacrimal, frontal and nasociliary branches)

VI

Superior ophthalmic veins

Infraorbital nerve and zygomatic branch (V2)

Emissary veins between inferior ophthalmic vein and

Pterygoid plexus

Lacrimal artery in meningo-lacrimal variant of the middle meningeal artery
Zygomatico-frontal artery (branch of lacrimal artery) and nerve (branch V2)
Anterior and posterior ethmoidal arteries and nerves

Frontal and lacrimal nerve branches (V1) and vessels

Infraorbital nerve (V2) and vessels

Modified and amended from: Aviv R1, CASSELMAN J (2005) Orbital imaging: Part 1. Normal anatomy. Clin Radiol 60:279-287
and HinTtscHICH C, Rosk G (2005) Tumours of the orbit. In: Neuro-oncology of CNS tumours. Tonn J (ed). Springer, Berlin,

Heidelberg, New York, pp. 269-290

ment by the fibrous ring (Anulus tendineus) of Zinn,
which is the origin of the orbital rectus muscles. The
lateral compartment contains the lacrimal, frontal,
and trochlear nerves, the anastomosis of the recur-
rent lacrimal and middle meningeal arteries, and
the superior ophthalmic vein. The medial compart-
ment contains the superior and inferior divisions
of the oculomotor nerve, the nasociliary nerve,
the abducens nerve, and the sympathetic nerves
(HinTscuicH and Rosk 2005).

The supraorbital neurovascular bundle passes
through a bony canal or notch in the superior orbital
rim and contains the frontal and lacrimal branches
of the ophthalmic division of the trigeminal nerve
(V1) (Aviv and Casselman 2005; HINTSCHICH and
Rosk 2005).

The infraorbital neurovascular bundle enters the
orbit through the inferior orbital fissure, passes
through the infraorbital canal, and reaches the cheek
through the infraorbital foramen (Fig. 12.2). The
bundle contains fibers from the maxillary division
of the trigeminal nerve (V2) and transmits sensation
for the cheek, upper lid, and upper anterior teeth.
The inferior orbital fissure measures approximately
20 mm in length and separates the orbital floor from
the lateral wall. It contains fat tissue, the infraorbital
nerve, and veins leaving the orbit for the pterygo-
palatine fossa (HINTscHICH and RoSE 2005).

The zygomatic neurovascular bundle passes through
the infero-lateral aspect of the orbital wall, just pos-
terior to the orbital rim (Aviv and CASSELMAN
2005; HiINTscHICH and RosE 2005).
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Fig.12.2a-d. Fracture of the left orbital floor with associated
fracture of the bony canal of the infraorbital nerve [arrows in
axial (a), coronal (b), and sagittal (d) reformations] and frac-
tures of the orbital floor (arrowheads in d) and the anterior,
lateral, and posterior walls of the maxillary sinus (arrowheads

Orbital Tumors and Tumor-Like Lesions

12.3.1
Tumors of the Eyeball

In most instances, cross-sectional imaging will not
be required when dealing with diseases of the eyeball.
However, retinoblastoma, choroideal melanoma, choroi-

in a,b). Hemorrhage within the maxillary sinus (asterisk in d)
is a typical feature of orbital floor fracture. Normal course and
appearance of the bony canal of the infraorbital nerve is dem-
onstrated in b and ¢ (curved arrows)

deal hemangioma, and metastasis may be visualized by
means of MDCT or MRI (Aviv and MiszkIgL 2005).

12.3.1.1
Retinoblastoma

Retinoblastoma represents the most common malig-
nant intra-ocular tumor in children under the age of
5years, with up to 90% of intra-ocular malignancies.
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It derives from neuroectodermal cells of the retina and
presents clinically with strabism, leukocoria, and, per-
haps, pain. While primarily being diagnosed by visual
means, retinoblastoma may present with characteristic
calcifications within an intraocular mass at CT. MRI al-
lows to determine intra- and extra-ocular tumor exten-
sion and the presence of bilateral or trilateral (including
pinealoma) tumor or intra-cranial metastasis. Differen-
tial diagnosis includes persistent hyperplastic primary
vitreous body and Coats’ disease (MUELLER-FORELL
and P11z 2004).

12.3.1.2
Melanoma

Melanoma represents the most common malignant in-
tra-ocular tumor in adults, with a mean age at diagnosis
of 53 years. Melanoma of the eyeball (uveal melanoma)
affects the choroideal layer in approximately 85% of
cases and is rarely found in the ciliary body (approxi-
mately 9%) or in the iris (approximately 6%). Intra-ocu-
lar melanoma is more often nodular than diffuse in its
growth pattern, such that it can be detected by means of
cross-sectional imaging. MRI demonstrates intra-ocu-
lar melanoma better than CT. At MRI, uveal melanoma
shows with intermediate to high signal intensity on un-
enhanced T1-weighted and proton density-weighted
images, low signal intensity on T2-weighted images,
and strong enhancement after intravenous contrast ad-
ministration. Disruption by intra-ocular melanoma of
Bruch’s membrane may cause tumor extension into the
orbit. The differential diagnosis of intra-ocular mela-
noma includes hemangioma or nevus of the choroideal
layer, choroideal amotion, neurofibroma, disciform
degeneration of the macula, and metastasis of other tu-
mors (MUELLER-FORELL and P1Tz 2004).

12.3.1.3
Other Tumor-Like Lesions of the Eyeball

Choroideal hemangioma is a congenital, vascularized
hamartoma that is predominantly found in middle-aged
adults affected by neuro-cutaneous syndromes. CT and
MRI demonstrate a well-defined, lenticular lesion of
high signal intensity on both unenhanced T1-weighted
and T2-weighted MR images and of high CT density,
respectively, which shows high uptake of intravenously
administered contrast media. In patients with von-
Hippel-Lindau disease (VHL), the differential diagnosis
includes capillary hemangioma (MUELLER-FORELL and
P1Tz 2004).

Choroideal osteoma is a rare, benign, ossifying tu-
mor predominantly found in women in their 3rd de-
cade of life. It has been described at MRI as showing
high signal intensity on unenhanced T1-weighted im-
ages, low signal intensity on T2-weighted MR images,
and high uptake of intravenously administered contrast
media (MUELLER-FORELL and Prtz 2004).

12.3.2
Intraconal Tumors

Cross-sectional imaging may be of considerable help

to detect, localize, characterize, and distinguish various

tumors and tumor-like lesions of the orbit.

¢ Typical intraconal tumors include schwannoma and
neurofibroma of cranial nerves, while lymphoma
and metastasis of extra-orbital tumors may be found
in both the intraconal and the extraconal space.

® Among vascular diseases that may clinically appear
as tumor-like lesions, there are capillary and cav-
ernous hemangioma, orbital vein anomaly, venous-
lymphatic malformation, orbital vein thrombosis,
and carotid-cavernous fistula. When large, vascular
lesions oftentimes are not confined to one orbital
space alone, and they may extend to extra-orbital
locations of the head and neck (Fris and CoNNOR
2005).

12.3.2.1
Tumors of Peripheral Nerves

Approximately 4% of all intra-orbital tumors affect
peripheral portions of cranial nerves, which may
be either intraconal or extraconal (see above, Sect.
12.2.2). Among those tumors, the majority are either
schwannoma or plexiform neurofibroma, affecting the
motor branches of the third, fourth, and sixth cranial
nerve or the sensory branches of the fifth cranial nerve.
At cross-sectional imaging, schwannoma is usually
well delineated and round to ovoid in shape, with in-
termediate to high contrast uptake. Schwannoma may
be intraconal or extraconal in location. Neurofibroma
tends to be irregular in shape and oftentimes appears
to be infiltrating into orbital fat (MUELLER-FORELL
and Pitz 2004). At unenhanced MRI, both neurofi-
broma and schwannoma are usually hypointense on
T1-weighted and hyperintense on T2-weighted images
(Aviv and MiszkigL 2005). At both MRI and CT, neu-
rofibroma and schwannoma show very high contrast
uptake (MUELLER-FORELL and PiTz 2004; Aviv and
MiszxkIEL 2005).
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12.3.2.2
Lymphoma

Lymphoma accounts for approximately 55% of all ma-
lignant orbital tumors. Predominant subgroups of lym-
phoma found in the orbit include B-cell lymphoma,
low-grade non-Hodgkin’s lymphoma, and MALT (mu-
cosa-associated lymphatic-tissue) lymphoma. Patients
with a diagnosis of orbital lymphoma are frequently
over 50 years old and complain of proptosis (which is
most frequently unilateral), displacement of the eyeball,
limitations of ocular motility, and, eventually, decrease
of visual acuity. At cross-sectional imaging, orbital lym-
phoma is usually well delineated, non-encapsulating,
and round or lobular in shape. However, orbital lym-
phoma may occasionally be infiltrative, without a de-
finitive intra-orbital mass (MUELLER-FORELL and P11z
2004). Lymphoma may affect one or several orbital
structures or spaces. Isolated affection by lymphoma
of the lacrimal gland is frequently seen, and lymphoma
may even affect individual rectus muscles of the orbit
(Aviv and M1szkIgL 2005).

12.3.2.3
Tumor-Like Vascular Lesions

Various vascular lesions of the orbit may appear to be
tumor-like at cross-sectional imaging. In particular,
hemangiomas of the orbit have also been referred to
as “vascular tumors” and should be distinguished from
lymphangioma, venous-lymphatic malformations, and
arterio-venous malformations (Aviv and Miszkiel

2005).

e Cavernous hemangioma (also referred to as “vari-
cose hemangioma”) is a venous malformation (FLis
and CONNOR 2005) that is predominantly found in
adults (MUELLER-FORELL and P11z 2004). Cavern-
ous hemangiomas are frequently intraconal and
cause a slowly progressing, painless proptosis that
may be accompanied by modest visual impairment
when the optic nerve is compressed or stretched. At
cross-sectional imaging, cavernous hemangiomas
usually present as well-delineating, round or ovoid,
tumor-like lesions that may contain phleboliths and
usually spare the orbital apex (MUELLER-FORELL
and P11z 2004; Aviv and MiszkIeL 2005). However,
cavernous hemangiomas may cause remodeling of
orbital bone and may even involve an intra-osseous
component, which is most frequently fronto-parietal
(FLis and CoNNOR 2005). The differential diagno-
sis of cavernous hemangioma of the orbit includes
orbital venous anomaly (orbital varix), hemangio-

pericytoma, fibrous histiocytoma, and neurinoma
(MUELLER-FORELL and Ptz 2004).

Orbital venous anomaly (orbital varix) refers to ab-
normally dilated intraorbital veins. Clinically, or-
bital venous anomaly presents with intermittent or
variable proptosis, which is influenced by changes
in systemic intravascular pressure (e.g., during Val-
salva maneuver) and transmits to intraorbital veins
because the latter do not have venous valves. At
cross-sectional imaging, a well-delineating, intra-
conal lesion of triangular shape may be seen, which
is pointed toward the orbital apex. The most impor-
tant differential diagnosis of orbital venous anomaly
is cavernous hemangioma (MUELLER-FORELL and
P11z 2004; Aviv and MiszkieL 2005).

Venous lymphatic malformation (also known as
“lymphangioma”) is a term that describes a spec-
trum of low-flow vascular malformations that ranges
from predominantly venous to predominantly lym-
phatic (Aviv and Miszkier 2005). FLis and Con-
NOR (2005) distinguish between capillary venous
malformation, lymphatic malformation, and com-
bined venous and lymphatic malformation. Venous
lymphatic malformation affects children and young
adults and is frequently located at the head and neck.
When it affects the orbit (intra- or extraconally, or
both) or periorbital facial soft tissues, spontaneous
hemorrhage within the venous lymphatic malfor-
mation may cause sudden proptosis, impaired ocu-
lar motility, compression of the optic nerve, and pe-
riorbital tissue swelling. At cross-sectional imaging,
venous lymphatic malformation presents as a mul-
tilobular or infiltrative, hardly encapsulating mass
that may include calcifications. Contrast uptake is
usually intermediate. The most important differ-
ential diagnosis in children is rhabdomyosarcoma
(MUELLER-FORELL and Ptz 2004).
Carotid-cavernous-sinus fistula (CCF) involves
high-flow or low-flow arterio-venous shunting of
blood from the cavernous segment of the internal
carotid artery to the cavernous sinus, which may oc-
cur spontaneously or post-traumatically. Increased
blood pressure within the cavernous sinus forces ve-
nous blood back into the superior orbital vein and
causes venous congestion of the orbit. Associated
clinical findings include pulsating exophthalmus,
dilated episcleral veins, and chemosis. Second-
ary manifestations of CCF are glaucoma, papillary
edema, ophthalmoplegia, and pain. Cross-sectional
imaging may demonstrate the extent of vascular
dilation within and around the orbit. Digital sub-
traction angiography may demonstrate the fistula
and allows for radiological intervention and ther-
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apy (MUELLER-FORELL and Pitz 2004; FLis and
CONNOR 2005).

12.3.3
Tumors of the Optic Nerve

Although the optic nerve is demonstrated by trans-bul-
bar ultrasonography, it is more precisely depicted along
its entire course by means of MDCT or MRI. Tumors
affecting the optic nerve, such as glioma and menin-
geoma, are demonstrated by both MRI and CT. Often
it will be helpful to apply both modalities, particularly
when trying to determine the exact extent of the tumor
prior to surgery. It is crucial to determine if and how far
the optic nerve canal is involved and if disease spreads
further into the neurocranium (MUELLER-FORELL

2004; HintscHICH and Rose 2005). Surgical access
routes and associated rates of success and morbidity
may differ (HINTScHICH and RosE 2005).

12.3.3.1
Glioma of the Optic Nerve

Glioma of the optic nerve accounts for approximately
two thirds of all primary tumors of the optic nerve, is
oftentimes diagnosed at young age, i.e., in children and
young adults, and grows intra-neurally and intra-axi-
ally. There is an association between glioma of the optic
nerve and type-1-neurofibromatosis (NF1), which may
include perineural and arachnoidal gliomatosis (Mu-
ELLER-FORELL and P11z 2004). However, glioma of the
optic nerve may be divided into a form with a child-

Fig. 12.3a-e. Sphenoid bone meningeoma on unenhanced
axial MDCT images in bone window (a and b), contrast-en-
hanced axial T1-weighted MR images (c and d), and schematic
overlay of MDCT and MR imaging findings (e). Meningeoma
(arrowheads) extends from temporal cavity along cavernous si-
nus into optic nerve canal and compresses optical nerve (curved
arrows). MDCT demonstrates permeation by meningeoma of
major wing of sphenoid bone, with widening and structural ir-
regularity of affected bony septa (arrows)
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hood onset, with a variable but largely indolent course
and histological features of a low-grade astrocytoma,
usually of a pilocytic type, and an adult form, which is
clinically aggressive, associated with a high mortality,
and has histological features of an anaplastic astrocy-
toma or glioblastoma multiforme (Aviv and MISZKIEL
2005). Although most gliomas are located in the optic
nerve, some also involve the optic chiasm. In turn, only
about 7% of pilocytic astrocytomas exclusively involve
the optic chiasm, while 46% touch the optic chiasm and
the hypothalamus (MUELLER-FORELL 2004). While
CT may demonstrate marked contrast enhancement,
glioma of the optic nerve demonstrates with high signal
intensity on T2-weighted MR images and marked en-

Fig. 12.4a-f. Orbital metastasis of prostate cancer affects
major wing of sphenoid bone and extraconal compartment of
orbit, with bony spiculae extending into the intra-orbital soft
tissue mass (arrows). Metastasis causes proptosis of left eyeball
(axial MDCT images, a and b), compression of optic nerve in

hancement after intravenous administration of contrast
media on T1-weighted MR images. The differential di-
agnosis includes meningeoma, metastasis, sarcoidosis,
idiopathic inflammatory disease of the orbit, and optic
nerve neuritis (MUELLER-FORELL and Prtz 2004).

12.3.3.2
Meningeoma
of the Optic Nerve Sheath Complex

Meningeoma of the optic nerve sheath complex is a
benign, extra-axial tumor entity that is predominantly
found in adults, with a mean age of approximately 40

a d
rﬁf

optic nerve canal (curved arrows in sagittal MDCT images,
cand d), inferior displacement of superior rectus muscle (dot-
ted arrow in coronal MDCT image f), and medial displacement
of lateral rectus muscle (double-lined arrow in coronal MDCT
images f)
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years, and affects women more frequently than men
(MuUELLER-FORELL and P11z 2004, Aviv and MISZKIEL
2005). Meningeoma of the optic nerve sheath complex
constitutes approximately 3% of all orbital tumors.
When found bilaterally (approximately 5% of cases),
optic nerve sheath meningeoma is usually associated
with type-2-neurofibromatosis (NF2), radiotherapy, or
meningeomatosis. Primary affection of the optic nerve
by meningeomas arising from arachnoid cells within
the leptomeninges or, very rarely, from arachnoid rest
cells inside the orbit, should be distinguished from
secondary orbital involvement by meningeoma from
an intracranial source, such as an intraosseous menin-
geoma involving the greater wing of the sphenoid bone
(Fig. 12.3), which extends from the neurocranium into
the orbit (Aviv and Miszxkier 2005). Clinically, menin-
geoma of the optic nerve is characterized by slowly
progressive loss of vision and unilateral proptosis. The
growth pattern may be diffuse, fusiform, or excentric.
Since there is no blood-brain barrier, meningeoma
shows very high uptake of contrast media at cross-sec-
tional imaging. On T2-weighted MR images, menin-
geoma demonstrates with an intermediate to high
signal. At times, it may be difficult at cross-sectional
imaging to distinguish between excentric meningeoma
of the optic nerve and cavernous hemangioma (MUEL-
LER-FORELL 2004, MUELLER-FORELL and P11z 2004,
LEMKE et al. 2006).

12.3.4
Extraconal Tumors and Tumor-Like Lesions

In tumors of the extraconal compartment, cross-sec-
tional imaging not only helps to detect, localize, and
characterize lesions, but also to determine whether the
disease originates in the extraconal compartment or
extends into it from elsewhere. A range of benign and
malignant tumors as well as metastases may affect the
extraconal compartment, which includes the lacrimal
gland and lacrimal canal. Involvement of the orbit with
metastasis is usually extraconal, involving retrobulbar
fat, orbital bone, or the lacrimal gland. However, the
conal muscles may be primarily involved. Common
primary malignancies in cases of orbital metastasis
include cancers of the breast, lung, stomach, thyroid,
kidney, or prostate, and melanoma (Fig. 12.4). In neu-
roblastoma of childhood, the orbit is a common site
for metastasis (Aviv and MiszkieL 2005). At cross-
sectional imaging of extraconal tumors and tumor-like
lesions, it is particularly helpful to obtain images in
several planes of view, i.e., by means of multiplanar re-
formatting at MDCT.

12.3.4.1
Rhabdomyosarcoma

Rhabdomyosarcoma is the most common soft tissue tu-
mor of the orbit in children under the age of 15 years.
Clinically, rhabdomyosarcoma of the orbit is charac-
terized by rapidly progressive proptosis, a decrease of
ocular motility, and unilateral ptosis. Cross-sectional
imaging reveals a well-delineating tumor whose den-
sity or signal intensity is similar to intra-orbital muscles
on unenhanced images and increases markedly after
intravenous contrast administration. The differential
diagnosis includes venous lymphatic malformation,
lymphoma, intra-orbital neuroblastoma, and idiopathic
inflammatory disease of the orbit (MUELLER-FORELL
and Pitz 2004).

12.3.4.2
Various Extraconal Tumors
and Tumor-Like Vascular Lesions

® Hemangiopericytoma is an encapsulating tumor
that tends to erode adjacent bony structures and
markedly takes up contrast media (MUELLER-
ForeLL and P11z 2004).

¢ Olfactory neuroblastoma or esthesioneuroblastoma
is found at the frontobasis as a paramedian tumor
structure that may extend from the nasal cavity into
the orbit (MUELLER-FORELL and P11z 2004).

¢ Sinonasal malignomas or metastases may occur in
various primary tumor entities, but are most fre-
quently associated with carcinoma, metastatic breast
cancer, and metastatic prostate cancer (MUELLER-
ForeLL and Pitz 2004).

e Langerhans-cell histiocytosis may affect the extra-
conal compartment of the orbit. At cross-sectional
imaging, its density or signal intensity resembles
grey brain matter, while contrast uptake is very high
(MUELLER-FORELL and P11z 2004).

e Hamartoma of the inner angle of the eye reveals
itself to CT due to the presence within the tumor-
like lesion of fat tissue and bony matter (MUELLER-
ForeLL and Pitz 2004).

¢ Capillary hemangioma has been referred to as a
vascular tumor when it presents in the orbit and has
been known as “port wine stain” when it presents
extra-orbitally at the head and neck (Fris and
CONNOR 2005). Capillary hemangioma is an inborn
lesion predominantly found in small children that
shows a tendency toward spontaneous involution
up to the 5th year of life. However, capillary
hemangioma may displace other orbital contents
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and impede vision when spreading out extensively
within the orbit. At cross-sectional imaging, capillary
hemangioma of the orbit appears as a tumor-like,
lobular structure with irregular margins and very
high uptake of contrast media (MUELLER-FORELL
and P11z 2004).

Orbital vein thrombosis may occur by itself or as a
sequel of thrombosis of the cavernous sinus. It pres-
ents as an intravenous mass and most frequently in-
volves the superior orbital vein. The most important
cross-sectional imaging features include dilated ve-
nous vessels and lack of contrast enhancement. Ad-
ditional findings on unenhanced scans are increased
density at CT and variable appearance at MRI, which
depends on the age of the blood clot and associated
degradation of hemoglobin (MUELLER-FORELL and
Pitz 2004).

12.3.4.3
Various Tumors of the Lacrimal Gland

Congenital dermoid cysts are painless, slow-grow-
ing tumor-like lesions that contain fat tissue, integu-
mental appendages, and exocrine glands. Cross-
sectional imaging demonstrates a well-delineating,
round or oval, encapsulating lesion of the upper lat-
eral quadrant of the orbit that contains fat and cal-
cifications and may leave an impression in adjacent
bony structures. At diffusion-weighted MR imag-
ing, congenital dermoid cysts show very high signal

of heterogeneous density or signal intensity, due
to its myxoid, chondroid, and mucinous contents
(MUELLER-FORELL and P11z 2004).

Malignant adenoid-cystic carcinoma of the lacrimal
gland presents clinically with a hard and painful
nodule of the lateral upper eyelid and demonstrates
at cross-sectional imaging as a poorly delineating,
nodular tumorous structure with erosion of adja-
cent bony structures (MUELLER-FORELL and PiTz
2004).

Various lymphatic lesions may affect the lacrimal
gland, including reactive lymphoid hyperplasia,
MALT lymphoma, malignant non-Hodgkin lym-
phoma and other malignant lymphomas (Fig. 12.5).
They present as slowly growing, tumorous lesions
of the upper eyelid that displace the eyeball cau-
dally and are accompanied by visual impairment
and redness of the conjunctiva. Lymphatic lesions
of the lacrimal gland present at cross-sectional im-
aging as infiltrative masses with soft contours that
adapt to surrounding structures, but may infiltrate
bone when they are malignant. They are of homog-
enous internal density or signal intensity and dem-
onstrate with high contrast uptake. At unenhanced
MR, lymphatic lesions of the lacrimal gland show
with high signal intensity on T1-weighted images
and low signal intensity on T2-weighted images
(MUELLER-FORELL and P11z 2004).

Orbital Trauma

intensity (MUELLER-FORELL and P1tz 2004).

® Benign pleomorphic adenoma of the lacrimal gland
is a slow-growing tumor that displaces the eyeball
inferiorly and medially. Cross-sectional imag-
ing shows a well-delineating, encapsulating lesion

Trauma may affect any compartment of the orbit, either
alone or in combination with other compartments and

Fig.12.5a,b. Lymphoma of the lacrimal gland (arrows) presents as homogenously enhancing mass with gross enlargement of the
gland, medial displacement of the eye bulb, and edema of the upper eyelid (curved arrow) on axial (a) and coronal (b) contrast-
enhanced MDCT images
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extraorbital structures. MDCT, with its multi-planar
image reformatting options, is the method of first choice
in finding X-ray-attenuating foreign bodies within the
eyeball and surrounding structures, determining the ex-
tent and degree of injury to orbital soft tissue contents,
and to detect, localize, and characterize fractures and
associated hemorrhage and air inclusions. In particu-
lar, when ophthalmoscopy is impaired, e.g., by extreme
swelling of the eyelid, CT may rapidly and accurately
visualize the full extent of the injury (MUELLER-FORELL
and Pitz 2004).

Since the orbital floor and the lamina papyracea
represent the weakest structures of the bony orbit (see
above, Sect. 12.2.1), they are most frequently involved
in fractures affecting the orbit. Typically, a blow-out
fracture of the bony orbit disrupts continuity of the
infraorbital canal, injures the infraorbital neurovascu-
lar bundle (see above, Sect. 12.2.3, and Fig. 12.2), and
results in hemorrhage within the adjacent maxillary si-
nus. When hemorrhage is limited to the immediate sur-
roundings of the infraorbital canal, it oftentimes pres-
ents as a “hanging drop” in a space of its own, between
the bony orbital floor and the mucosal lining of the
maxillary sinus. Rarely, and mostly in association with
trauma of high impact or great force, orbital fractures
affect the orbital roof, the lateral wall, or even the bony
anterior rim of the orbit (see above, Sect. 12.2.1).

Traumatic lesions of neural structures within or
surrounding the orbit seldom occur without associated
bony or soft tissue injury to the orbit. They are most
frequently associated with complex trauma to the face
or the frontal neurocranium (MUELLER-FORELL and
P11z 2004). MDCT and MRI are particularly useful to
demonstrate the acute and chronic features of complex
facial and neurocranial injury, and to visualize affection
of the optic nerve canal (LINNAU et al. 2003).

Traumatic injury to the eyeball may occur alone or
in conjunction with more extensive facial trauma, and
may be due to blunt or penetrating injury. MDCT is ap-
plied when facial periorbital edema is too strong to al-
low for visual inspection of the eyeball or when there is
suspicion or evidence of bony involvement or presence
of foreign bodies (MUELLER-FORELL and P11z 2004).

Orbital Inflammatory Disease

Orbital inflammatory disease may be either non-infec-
tious or infectious and may affect one or more orbital
spaces.

12.5.1
Idiopathic Inflammation of the Orbit

Idiopathic inflammation of the orbit may be diffuse with

affection of all orbital spaces or locally confined with af-

fection of one space or one particular structure within

the orbit. Clinically, idiopathic inflammation of the orbit

presents with proptosis, which is oftentimes unilateral.

¢ Diftuse idiopathic inflammation of the orbit shows
with findings at CT and MRI that are non-specific,
with high contrast uptake of inflamed structures, in-
filtration of orbital fat tissue, and inflammation with
edema of intraorbital muscles and tendons. As a dif-
ferential diagnosis, autoimmune hyperthyroidism
(Morbus Basedow, Grave’s disease, associated with
endocrine orbitopathy or EO, see below, Sect. 12.6)
does not affect intra-orbital tendons.

® Posterior scleritis is a special, locally confined type of
idiopathic inflammation of the orbit, which presents
clinically with slowly progressive, painful proptosis.
Cross-sectional imaging shows diffuse thickening of
the sclera and inflammation of adjacent tissue, with
marked contrast uptake. As differential diagnoses,
nodular scleritis does not show with contrast uptake,
while uveal melanoma does take up contrast media,
but usually delineates well (MUELLER-FORELL and
P11z 2004).

12.5.2
Infectious Disease of the Orbit

¢ In children, infectious disease of the orbit frequently
is a complication of paranasal sinusitis.

e Subperiosteal abscess may occur when the infection
enters the bony orbit through fissures and apertures,
such as the entry or exit sites of neurovascular bun-
dles through the medial orbital wall. Although the
periosteum of the orbit or periorbita is a tough layer
that is loosely attached to and covers much of the
orbit, it includes apertures at the optic canal, supe-
rior orbital and inferior orbital fissure, where it fuses
with the dura mater, and anteriorly to the orbital
rim and lacrimal sac fossa. Fusion of the periorbita
with the dura mater implies that there is potential
continuity between the subperiosteal space and the
epidural space (Aviv and MiszkieL 2005). Subpe-
riosteal abscess is one disease entity that may cre-
ate a subperiosteal space in its own right (see Sect.
12.2.2). Its continuity with the extradural space, in
turn, explains complications, such as epidural brain
abscess and intracranial spread of infection, which
may also progress to meningitis, subdural or paren-




160

U. G. Mueller-Lisse and J. Lutz

chymal abscess (Aviv and MiszkieL 2005). Other
entry sites into the orbit include the orbital septum,
whose barrier layer of periorbita needs to be pen-
etrated to allow for spread of infection from the pre-
septal region (Aviv and MiszkIEL 2005).

® DPreseptal cellulitis is a bacterial infection of the skin
and subcutaneous tissue that may proceed into the
orbit. Complications of infectious disease of the
orbit include orbital abscess, epidural or subdural
abscess of the neurocranium, purulent meningitis,
and thrombosis of the cavernous sinus (MUELLER-
ForeLL and P11z 2004).

® A mucocele develops when mucous is retained in
a cyst-like structure within an inflamed paranasal
sinus. It turns into a pyocele when superinfected.
Inflammatory lesions of the paranasal sinuses may
develop primarily, when a paranasal sinus ostium
is occluded, or secondarily, as a sequel of trauma,
surgery, or neoplasia. By growth and pressure, or by
inflammation, mucoceles and pyoceles may extend
from the paranasal sinuses into the orbit (Fig.12.6).
Cross-sectional imaging demonstrates a crescent-
shaped tumor-like lesion that sharply delineates and
may erode adjacent bony structures; pyoceles show
with ring-shaped contrast enhancement along their
contours (MUELLER-FORELL and P11z 2004).

e Extension of dental abscess to distant areas of the
head and neck leads to orbital infection of odonto-
genic origin in just over 1% of cases (BLAKE et al.
2006).

Endocrine Orbitopathy

Dysthyroid endocrine orbitopathy (EO) or “thyroid eye
disease” is the most common disorder affecting the or-
bit, usually presents in middle-aged women, and repre-
sents the most frequent cause of unilateral or bilateral
proptosis in adults (MUELLER-FORELL and P1tz 2004;
Aviv and MiszkieL 2005). EO is predominantly as-
sociated with autoimmune hyperthyroidism, which is
also referred to as Morbus Basedow or Grave’s disease
(MuEeLLER-FORELL and P11z 2004), but the orbitopathy
may precede thyroid disease or occur with euthyroid or
hypothyroidism (Aviv and MiszkieL 2005). EO is as-
sociated with edema of all structures of the orbit. The
hallmarks of EO, however, are spindle-shaped edema of
the intra-orbital muscles, which leaves out the tendons,
and enlargement of the intra-orbital fat tissue (Fig. 12.7)
(MUELLER-FORELL and Pitz 2004; Aviv and MISZKIEL
2005). Muscular edema usually is most pronounced in

the medial and inferior rectus muscles. Oftentimes, both
eyes are affected to a similar degree (MUELLER-FORELL
and P1Tz 2004). Edematous muscles may cause apical
crowding and venous congestion. The inflammatory re-
sponse may extend into the intraorbital fat and result in
streaking within the fat, which has been referred to as
“dirty fat” (Aviv and MiszkIeL 2005). As a complica-
tion of intra-orbital edema in EO, the optic nerve may be
compressed such that there is visual impairment. A com-
plication of muscular edema is fibrosis of the intra-or-
bital muscles, with the clinical consequence of impaired
ocular motility. Cross-sectional imaging demonstrates
the pattern and degree of EO. MDCT in particular, with
its multiplanar reformatting capabilities, shows the affec-
tion of individual intra-orbital muscles and of the intra-
orbital fat tissue with edema. The imaging differential
diagnosis of EO includes orbital lymphoma, orbital me-
tastasis of extra-orbital primary malignancies, carotid-
cavernous fistula (CCF), and idiopathic inflammation of
the orbit (MUELLER-FORELL and P11z 2004).

Summary

Pathologic lesions of the orbit remain a great challenge to
the diagnostic radiologist. The complex anatomy of the
orbit on the one hand and the multitude of disease enti-
ties that may affect the orbit on the other hand demand a
simple, well-structured approach to diagnostic imaging.
Subdividing the orbit into four (or five) distinct spaces,
i.e., the eyeball, the intraconal space, the optic nerve,
and the extraconal space (with some authors adding the
conal space as a separate compartment), facilitates both
the localization and characterization of orbital lesions
and helps the ophthalmic surgeon to select the best ap-
proach to a lesion. Multidetector-row CT (MDCT), due
to its thin collimation and resulting multiplanar image
reformatting capabilities, has greatly improved the pre-
cision of CT imaging of orbital pathology. MDCT allows
for multiplanar views of the bony orbital walls and their
apertures, i.e., the optic foramen, the superior and in-
ferior orbital fissures, and their respective affection by
trauma, tumor, or inflammation. Inclusions of gas or air
within the orbit indicate complications of facial trauma,
inflammation of the paranasal sinuses, or head and neck
tumors. However, due to the separation of the various
soft tissue contents of the orbit by orbital fat tissue,
MDCT also lends itself to the assessment of primary in-
tra-orbital lesions or secondary affection of the orbit by
lesions extending from the face, the neurocranium, the
skull base, or from distant primary malignancies.
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Fig. 12.6a-c. Large mucocele extends from right ethmoid si-
nus into right orbit and displaces both lamina papyracea and
right eyeball laterally, anteriorly, and inferiorly (arrows in a,
axial, b, coronal, and ¢, sagittal MDCT images). Clinical symp-
toms include proptosis, double vision, and dry eye due to in-
ability to close the eyelids of the affected eye

Fig. 12.7a-c. Endocrine orbitopathy (EO) is among the most
common causes for proptosis. Axial (a), coronal (b) and sagit-
tal (¢) MDCT images of the orbit demonstrate severe bilateral
thickening of intra-orbital muscles, which is usually most pro-
nounced in the medial and inferior rectus muscles (arrows),
leaves out the tendons, and may result in optic nerve compres-
sion at the aperture of the optical nerve canal (curved arrows).
Hypertrophy of intra-orbital fat tissue is another feature typical
of EO
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ABSTRACT

The introduction of high-resolution, multislice
computed tomography (HRCT) has opened new
inquiries from dentists, oral surgeons, and ortho-
dontists. HRCT is ideal for diagnosis of osteolytic
and inflammatory disease, odontogenic and non-
odotogenic cysts and tumors, traumatic injuries
of the teeth and jaw, postoperative complications,
including implants, deeply rooted unerupted wis-
dom teeth, especially relative to the mandibular
canal, orthodontia, and ENT questions, including
dentogenic sinusitis, antrostomy, midface frac-
tures, and developmental anomalies. Experiences
in this new field are reported.

Introduction

Computed tomography (CT) for dental diagnosis was
begun with a single-slice technique. The quality of these
images, especially of reconstructions, was limited by
long scanning times yielding artifacts due to respiration
and swallowing. Critical improvement was achieved
with multislice, spiral, high-resolution CT (HR CT)
with short scanning time, high quality, and very thin
slices. The HR thin slices allowed high quality recon-
struction in various planes.

CT images, which formerly were used only for
volumetric mesurements in difficult cases of implant
planning, now provided images with valuable addi-
tional information. High quality images are attainable
with astonishingly low radiation doses due to the high
contrast of jaw bones and teeth (COHNEN et al. 2002;
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LENGLINGER et al. 1999). New clinical questions have
arisen from the new information in the last few years.
We have been performing dental CT scans in our of-
fices for 15 years. In the first few years, these scans were
exclusively for the planning of implants. Scans for ques-
tions not involving dental implants have increased to
more than 35 percent of our dental workload in recent
years. We now perform about 900 dental CT examina-
tions per year, and the number is increasing.

Scanning Technique

All scans are performed with a multislice CT Light-
speed Ultra by GE Medical Systems. Scan parameters
are: 120KV, 20mA for children, 60-80mA for adults,
SD 0,65 mm, pitch 2, and FOV 13. The scan starts from
the biting level of the teeth and extends to the lower
edge of the chin or to the middle of the maxillary si-
nuses for mandibular or maxillary examinations, re-
spectively. Processing and reformatting are performed
on an Advantage Windows 4.1, GE Medical Systems
workstation, with the Dentascan program, or interac-
tively on a PACS workstation with the program Efilm
from the firm Merge Healthcare.

occlusal

Fig. 13.1. Tooth anatomy

Anatomy and Terminology

Knowledge of dental anatomy and terminology is a pre-
requisite for understanding colleagues’ questions and
for communication. The method of counting teeth is
characterized by two numbers. The first number is for
the quadrant, beginning with one for the upper right
and then proceeding clockwise to four for the lower
right. The second number describes the corresponding
tooth from one to eight in each quadrant. One stands
for the first incisor, three for the canine, and eight for
the wisdom tooth. For deciduous teeth, the quadrant
numbers five to eight are used in the same order instead
of quadrants one to four. The terms frontal and occipi-
tal, ventral and dorsal are not used in dental radiology.
Here the terms mesial for frontal and distal for occipi-
tal are substituted. The terms lingual or, in the case of
the maxilla, also palatinal are used for orientation in
the oral cavity. The side facing the cheek or the lips is
called buccal, vestibular, or, in the case of the incisors,
labial. The chewing area of the tooth is called occlusal,
and the area facing the neighboring tooth approximal.
The alveole is the term for the tooth socket in the jaw;
the alveolar crest is the top edge of the jaw (Figs. 13.1
and 13.2).

labial
mesia@‘bm
4 -
/ -
' - — F
/ ° o vestibular
oral / lingual
buccal

¥
distal

upper jaw palatinal e

.~ approximal

Fig. 13.2. Localization terminology
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Clinical Questions

13.4.1
Cystic or Osteolytic Lesions

The following are classed as osteolytic or cystic pro-
cesses: inflammatory osteolytic diseases of the teeth,
odontogenic cystic (epithelial) lesions without internal
structures, nonodontogenic cysts, pseudocysts, and re-
gional osteopenia.

The differential diagnosis for these areas is complex.
Only the most common cases will be presented.

13.4.11
Inflammatory Diseases of the Teeth

Differentiation must be made between parodontal and
endodontal inflammation (Abrahams et al. 2001). These
findings are not, as a rule, the primary reason for the
CT examination. The radiologist is, however, often
confronted with these diseases within the framework
of other questions, such as implant plans or paranasal
sinus CT scans, and should comment on them in the
report. Both types of inflammation result in bone re-
sorption.

Parodontal diseases begin with gingivitis and prog-
ress to resorption at the enamel/cementum border along
the periodontal ligament and along the root of the tooth
in the alveole. The resulting periodontal pockets must
be described with their relationship to neighboring
teeth, their furcal spreading, i.e., between the roots, and
their relationship to the mandibular canal or maxillary
sinus. CT images are clearly superior to conventional
methods when judging parodontal diseases (Fig. 13.3).

Endodontal diseases develop in patients with caries
followed by pulpitis. The infection follows the root ca-
nal and exits at the apical foramina. Endodontal disease
may also follow dental treatment by root canal filling.
We will consider periapical parodontitis, periapical
granuloma, and periapical cysts. These conditions are
often caused by symptomless inflammation in nonvital
teeth. Granulomas are, as a rule, round, periapical lytic
zones with a diameter less than 1 cm. They may or may
not have a sclerotic border. Larger periapical lesions
with a diameter of more than 1 cm are more likely to be
cystic caseated granulomas and can spread enormously.
They occur in the maxilla more often than in the man-
dible. The radiologist is confronted by them often dur-
ing CT examination of the paranasal sinuses (Figs. 13.4
and 13.5b).

13.4.1.2
Odontogenic Cystic Lesions
of Epithelial Origin

Odontogenic cysts include follicular cysts or dentiger-
ous cysts, keratocysts, residual cysts, and ameloblas-
toma. Follicular cysts (or dentigerous cysts) are the most
common noninflammatory cysts. They can be found
surrounding the crowns of unerupted teeth, most often
around the unerupted third mandibular molars, fol-
lowed by the upper and lower canine and upper wisdom
teeth. The distance between the crown and the wall of
the cyst should be wider than 3 mm; otherwise, it is the
normal follicle around the unerupted crown. The size
of such follicular cysts can vary greatly and can spread
widely (Fig. 13.5a). They are most common during the
2nd decade. They can expand bone and displace neigh-
boring teeth or cause root resorption due to pressure.

Fig. 13.3. Parodontal inflammations
in two patients. Axial views of
periodontal pockets
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Fig. 13.4. Endodontal inflammations.
Patient A with periapical granulomas
in area 26 surrounding all three roots.
In direct contact with these, periapical
inflammatory bone resoption mucous
swelling of the bottom of the maxil-
lary sinus, typical for dentogenic sinus
disease. Patient B with a very small
periapical granuloma around the distal
buccal root of tooth 27 after incom-
plete root filling. Only the other two
roots are filled completely

Fig.13.5a,b. Patient A with
large follicular cyst around
unerupted tooth 18. Patient B
with huge periapical cyst
arising from treated tooth 21
by canal filling. Both patients
were referred by ENT doctors
for sinus disease
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Fig. 13.6. Three patients with keratocysts. Patient A with a
huge keratocyst along the whole right mandible below all the
roots. Patient B with a keratocyst along the teeth 34, 35 and 36
with cortical expansion and thinning and patient C with a fron-
tal keratocyst in the left upper jaw (I), additional parodontal
inflammatory pockets (2), and extraction sockets (3)

Fig. 13.7. Ameloblastoma

Keratocysts are primarily a flaw in the development
of the dental lamina. Therefore, they are not located
near the crown of the tooth, like follicular cysts, but
rather between the roots. They can spread widely and
tend to recur. Serial examinations are, therefore, advis-
able. More often they arise in the mandible than in the
macxilla. They frequently press on the roots of other teeth
and lead to root resorption. Their edges are smooth or
undulant. They occur most frequently in the 3rd and
4th decades, similar to ameloblastoma (Fig. 13.6).

Residual cysts are the remains of radicular cysts that
can continue to grow after the corresponding tooth has
been extracted.

Ameloblastomas develop from odontogenic epi-
thelium. Most are benign, but have an aggressive local
growth. Radiologically, they can appear monocystic or
polycystic, resembling soap bubbles. The monocystic
ameloblastomas are similar to follicular cysts. About
half of ameloblastomas develop out of such follicular
cysts (ScHOLL et al. 1999). The bubble-like forms are
common in the mandible, mostly around the third mo-
lar, with 20 percent in the maxilla, where they are usu-
ally unicameral. Their edges are always clear, and they
grow slowly with thinning and deformation of the cor-
tex. They can displace the mandibular canal. The most
common age is the 4th and 5th decades (Fig. 13.7).

13.4.1.3
Nonodontogenic Cysts

These include fissural cysts, such as nasopalatinal cyst
or incisive canal cyst arising in the incisive canal, and
midpalatal cysts of infants.

13.4.1.4
Pseudocysts

These include:

® Juvenile bone cysts, also solitary traumatic hemor-
rhagic bone cysts, occur mostly in the mandible
in the vicinity of the lateral teeth; they spread into
the interdental cavity without displacement or root
resorption.

® Stafne cyst is also called lingual salivary gland inclu-
sion defect. This defect is due to the displacement of
a salivary gland on the lingual side of the mandible
(Fig. 13.8).
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Fig. 13.8. Stafne cyst. Lingual salivary gland inclusion defect
of the mandible

13.4.1.5
Regional Osteopenia

Especially in the mandible, the spongiosa pattern in
older patients can be reduced regionally and can mimic
an osteolytic tumor in panoramic views. The mandibu-
lar canal may no longer be identified. By CT, the rari-
fication of the spongiosa can be clarified as a systemic
process relatively easily and differentiated from neo-
plasm.

13.4.2
Hyperdense Lesions and Tumors

This group includes odontogenic tumors, osteogenic tu-
mors and metastases, and tumor-like lesions.

13.4.2.1
Odontogenic Tumors
with Hyperdense Internal Structure

Ameloblastomas and myxomas are not relevant here
because they are osteolytic diseases. They are included

in the differential diagnosis of cystic processes. Benign
tumors include odontomas, odontogenic fibromas and
fibromyxomas, and cementomas. Very rare malignant
forms are also reported.

Odontomas are not true neoplams, but a hamar-
tomatous developmental fault of the dental lamina
(DUNEEE et. al. 2006). They represent the most com-
mon group of odontogenic benign lesions. The WHO
differentiates between complex odontomas and com-
pound types.

The compound form has recognizable parts of the
teeth with dentine or enamel and displays high differen-
tiation. Most compound odontomas are in the vicinity
of an impacted tooth. The most common location is the
anterior portion of the maxilla. Complex odontomas
have amorphous calcifications, either in the region of
the lower wisdom teeth or near the posterior region of
the maxilla (Fig. 13.9).

Odontogenic fibromas are rare, unilocular, benign
lesions of fibrous tissue. Radiologically, they show thin,
well-defined hyperdense margins and are more com-
mon in the maxilla than in the mandible. They can be
found in any age group and show a female predilection
(Fig. 13.10). The following subtypes belong to the group
of the cementoma:

o The cementoblastoma grows around the apex of a root

in the region of a molar or premolar, with or without
a thin surrounding lucent area. It arises from cemen-
toblasts and shows a decreased transparency peria-
pically early in its development. It may be multiple
and, in contrast to the periapical cemental dysplasia,
occur more frequently adjacent to the mandibular
molars. Later, they show increasing density. Patients
are usually in their 3rd decade (Fig. 13.10a).

Fig. 13.9. Odontoma, compound type, 8-year-old girl
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Periapical cemental dysplasia occurs most often in
the region of the incisors of the mandible, especially
in middle-aged women. The findings probably rep-
resent reactive periapical decreased density that can
later reverse to increased density and thus appears
as a mixed image of lucency and opacity. In most
cases, there is no need for treatment. Synonyms are
periapical cementoma or periapical cementoosseous
dysplasia. (Sciubba et al. 2001) (Fig. 13.10b).

Fig 13.10a,b. Odontogenic fibroma

13.4.2.3
Tumor-Like Lesions

Only the following are named here:

Fibrous dysplasia with a ground-glass homogenous
opacity of the spongiosa and thinning or expansion
of the cortex arises more often in the maxilla than
the mandible (Fig. 13.11). Others include ossifying
fibroma, giant cell granuloma, osteoma, Paget’s dis-

ease, and cartilaginous lesions.

13.4.2.2

Osteogenic Tumors and Metastases 13.4.3

Conditions After Trauma,
These are not described further in this article. Especially After Jaw or Tooth Fracture

HR CT contributes to diagnosis when a fracture of the

jaw is suspected in cases of skull base or midface frac-

Fig 13.12. Fibrous dysplasia in a young woman complaining
of constant tickling in her upper cheek. Exams done by ENT
doctor and dentist were without any result

Fig.13.11. Patient A, cementoblastoma with periapical opaque
mass with a thin radiolucent rim in a molar tooth. Patient B,
periapical cemental dysplasia




170

B. Sommer

Fig. 13.13a-c. Image a and b mandibular fracture; image ¢ dental root fracture

ture. These sometimes hairline fractures in the jaw or
near the temporomandibular joint can easily be over-
looked in panoramic images or cannot be seen at all due
to the oval form of the jaw. Vertical root fractures of a
tooth can be easily overlooked with conventional im-
ages when the line of the fracture is slanted or frontal,
but they are usually easy to detect by CT (GAHLEITNER
et al. 2003) (Fig. 13.13).

13.4.4
Postoperative Complications

This group includes patients with suspected:

® Osteomyelitis and periimplantitis (infection adja-
cent to implants);

® Nerve lesions with anesthesia of the alveolar inferior

nerve or lingual nerve;

Remnants of roots after tooth extraction;

Root dislocation in the maxillary sinuses;

Antrostomy with an oroantral fistula;

Patients with postoperative new or continuing pain;

Forensic and insurance questions.

HR CT is also appropriate to identify osteomyelitis or
periimplantitis. Nuclear bone scans are nonspecific for
a long time after surgery and useless. MRI also shows a
nonspecific long-term edema postoperatively with in-
creased contrast enhancement inconsistent with resolu-
tion of changes in the spongiosa (Fig. 13.14).

After implant surgery on the mandible with a per-
sisting numbness, an early CT can prove the extent of
the injury of the mandibular canal. In some cases, CT
demonstrates the mandibular canal has been only mini-
mally touched at the roof or tangentially. After prompt
consultation with the surgeon, the implants could be

left in such cases and the anesthesia allowed to resolve
spontaneously. The paresis in these cases was probably
due to intracanalicular bleeding with increased pressure
on the infraalveolar nerve. In some cases, the oral sur-
geon may elect to turn back the implant slightly after the
operation, especially when the CT has been performed
immediately postoperatively. However, when the im-
plant was straight in the canal or the drilling hole could
be seen as a defect on the bottom of the canal, then a
severe nerve injury has to be assumed (Fig. 13.15). Se-
vere postoperative pain and swelling in the floor of the
mouth were found in the case of cortical perforation of
an implant on the lingual side of the lower jaw accompa-
nied by bleeding into the soft tissue of the mouth floor

/1

Fig. 13.14. Peri-implantitis, lucency surrounding implants
several weeks after surgery
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(Fig. 13.16A). Perforation of a submucosal implant into
the floor of the nasal cavity caused new postoperative
rhinorrhea, which could not be otherwise explained.
The patient was sent for CT on her own insistence (Fig.
13.16B).

Suspected root remnants can be easily recognized
due to the typical dentine density and the central neuro-
vascular channel (Fig. 13.17A). Root remnants can also
be demonstrated in the maxillary sinus.

Fig. 13.15. Patient A, patient with complete
perforation into the canal. The implant cross-
es the canal; the patient did not recover from
nerve palsy. Patients B (two similar cases). Man-
dibular canal is only slightly touched at the roof.
Patients completely recovered after surgery.
Patient C, persisting numbness 1 year after im-
plant surgery. The implant is localized above the
canal, but on the bottom of the canal a drilling
hole can be verified by CT. Therefore, the nerve
had already been cut by the drilling procedure
before the implant was placed

An antrostomy with oroantral fistula, a connec-
tion between the oral cavity and the maxillary sinus,
can be identified through the HR vertical reconstruc-
tions of the maxillary sinus floor (Fig. 13.17B). Prompt
telephone notification of the dentist or oral surgeon and
documentation in the report before discussion with the
patient are essential in cases of iatrogenic complication.
Optimal information on the operation is a condition for
the correct interpretation of these critical findings.

Fig. 13.16. Patient A, implant perforation of the lingual corticalis; patient suffered from pain and swelling in the mouth floor.

Patient B, postoperatively patient complained of persistent dripping nose due to perforation of the nasal floor
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Fig. 13.17. Patient A, after tooth 48 extraction control X-ray
demonstrates some density suspicious for root remains. Opera-
tive investigation could not find any remains, so patient came
to rule out salivary gland stone. CT demonstrates clearly the

Fig.13.18. Patient A, mandibular canal passes the wisdom
tooth on the lingual side. Patient B, nerve canal passes straight
between the roots. Patient C, nerve canal meanders between the
roots from lingual side between the roots to the buccal side

perforation of lingual corticalis and some root remains orally.
Patient B, perforation of sinus floor with displaced root re-
mains in the maxillary sinus and oro-antral communication
after extraction of tooth 17

13.4.5
Deeply Rooted, Unerupted Wisdom Teeth

CT is helpful when extraction of an unerupted wisdom
tooth is planned and where the mandibular canal crosses
the roots of the wisdom teeth, i.e., the roots reach deeper
than the mandibular canal. In these cases, it is helpful
for the surgeon to know whether the canal runs along
the roots on the lingual or the buccal side, or whether
the canal meanders through the roots. These cases are
liked least by the surgeons. With the knowledge of the
path of the nerve, the extraction can be planned with
less risk of paresis of the inferior alveolar nerve.

In the case of an interfurcal path of the nerve, i.e.,
a path between the roots, many dentists decide to refer
the patient to an oral surgeon. The analysis of the man-
dibular canal is, in our experience, best made using the
primary axial slices interactively on the workstation.

Beginning distally from the wisdom tooth, the man-
dibular canal is identified and then followed through
the slices along the wisdom tooth. The determination
of the pathway is, in most cases, relatively easy. The
deformation of the channel on the lingual or buccal
side of the roots is sometimes considerable, and some-
times the channel runs only slit-like within the cortex
(Fig. 13.18A, B, C).

13.4.6
Orthodontic Problems

Requests from orthodontists have become frequent in
recent years. Panoramic jaw images of children are con-
fusing at first glance and require a basic knowledge of
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Fig. 13.19. Unerupted eye teeth 13 and 23

tooth development. Initially, it is advisable to contact

the orthodontist directly to understand the problems

and to establish a common language to describe local-
ization disorders.

For children and young adults, we have adjusted the
examination technique to reduce the CT dose to only
20 mAS for 0.6-mm slice thickness with a pitch of 2. The
field of measurement should be limited to the necessary
region.

After primary axial slices, we perform coronal re-
constructions in a semicircle along the curve of the jaw.
We may also create oblique reconstructions in selected
cases. Additionally, in most of these cases we use stereo-
scopic images and document them in the cranial, cau-
dal, and both lateral views. All images are stored on a
CD, and the most important are printed. The additional
views on the CD allow the interested orthodontist to
work out further positions individually.

Other orthodontic problems:

® Unerupted canine teeth without position change
(Fig. 13.19);

e Narrow jaw, with unerupted tooth or teeth, to help
decide which tooth should be extracted to make
room for remaining unerupted teeth;

e Surplus teeth, e.g., mesiodentes (Fig. 13.20);

® Possible root resorption by neighboring teeth
(Fig. 13.21);

® Unsuccessful orthodontic treatment without move-
ment of the teeth;

¢ Tooth dysplasia, twin teeth, or root anomalies
(Fig. 13.22);

® Suspicion of ankylosis;

¢ Jaw and facial deformations (Fig. 13.23)

With this last point, we are encroaching on otorhinolar-
yngology, which is beyond the scope of this article.

Fig. 13.20. Surplus mesiodens (short
arrow) between first incisor (long ar-
row) above and milk incisor below
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Fig. 13.21a,b. Root resorption of both incisors (arrows in b)
by unerupted eye teeth (a) on both sides

Fig.13.22. Blocked twin tooth 13. By CT the differentiation of
a real twin tooth from two teeth projecting only on each other
was possible

Fig. 13.23. Lower jaw. Malocclusion on the left side by asym-
metry of the lower jaw due to a surplus unerupted tooth in
area 35; one of them was destroyed by caries; the other one is
blocked against tooth 36

13.4.7
Borderline ENT Examinations
for Chronic Sinus Diseases

Many of the examples demonstrate the relationship
of dental problems to the maxillary sinuses (Figs.
13.4-13.6, 13.12, 13.17). CT of the maxilla and teeth
can deliver important information for our ENT col-
leagues about sinus disease, root disease, displaced root
remnants, antrostomy, and fistulas. HR CT is also unri-
valed after trauma with midface and jaw fractures and
developmental anomalies, such as cleft palate.

Roots of teeth should be checked routinely during
CT examinations for paranasal sinuses. The radiologist
should be especially attentive if patients report sinus or
cheek problems and previous consultations with ENT
colleagues or dentists were nonproductive.

Since the introduction of the multislice CT, we have
performed all paranasal sinuses CT scans axially, in-
cluding the maxilla, and thus have avoided dental ar-
tifacts when reconstructing the images in coronal and
sagittal planes. This technique automatically includes
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the maxillary teeth and discloses clinically inapparent
inflammations of the teeth and dentogenic reasons for
sinus diseases (Figs. 13.4 and 13.5B). We evaluated 641
paranasal sinus CTs and found a frequency of dental in-
flammatory root diseases in 61 patients (9.5 percent).

Experiences Made
in Cooperation with Dentists,
Dental Surgeons, and Orthodontists

e Radiological diagnosis of dental problems is not in-
cluded in most radiology residencies. Because of the
independent radiological images made by dentists,
dental surgeons, and orthodontists, there is no ne-
cessity for it. Multislice CT is a valuable additional
method in difficult cases of implants and in the case
of unclear panoramic findings. Positive experiences
have led to new and complex demands on the radi-
ologist from dentists and surgeons in this innovative
area.

¢ The great variety of new queries and the possibilities
of differential diagnosis require initial investment
of time from the radiologist when cooperating with
colleagues in this unfamiliar area.

e Knowledge of dental terminology is critical.

e It is necessary to have a basic knowledge in the in-
terpretation of panoramic images to understand
problem areas.

® A collection of basic literature on dental radiology
with image atlases (PASLER et al. 2000; SITZMANN et
al. 2000; THIEL et al. 2001) and articles on dental CT
are prerequisite.

e It is very helpful to have a basic knowledge of the
embryology and development of the teeth, espe-
cially to be able to interpret cystic, tumorous, or
pseudotumorous processes in the jaw.

¢ Initially, it is advisable to discuss the expectations
and clinical queries with referring colleagues; this
will often require many telephone calls.

® When examining children, the radiologist must be
aware of the radiation dose and minimize it as much
as possible. It is advisable to have an established pro-
tocol for children and not to leave decisions to the
technologist.

¢ Inviting interested dentists and oral surgeons to
workshops fosters mutual understanding of the
problems endemic to each group.

® By informing referring implant surgeons, we have,
in the case of questionable nerve injury during im-
plant operation, insured that patients with palsies

are sent to CT as soon as possible. The patients are

scanned without an appointment, and the referring

doctor is informed by telephone immediately.

e To reduce telephone queries, it is helpful to have a
dedicated form for the dental CT with the following
questions:

— Implant planning?:

— With planning prosthesis and special mark-
ings?

— Without a prosthesis?

— Is a complete evaluation desired with recon-
structions, prints, CD, and report?

— Are image data on a CD to be integrated in
another external planning program?

— Which planning program do you use? (There
are different technical requirements for each
of them.)

— Clarification of unerupted teeth? Which?

— Clarification of an unclear X-ray finding (pan-
oramic views or images of teeth should be avail-
able) with a description of the problem.

— Orthodontic query with a comprehensive de-
scription.
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ABSTRACT

High-resolution (HR) multislice computed to-
mography (MSCT) has become the essential tool
for the evaluation of malformations, trauma, and
especially tumors of the midface and head and
neck region. Important for an adequate evaluation
of pathologic findings in the head and neck region
is a profound knowledge of the organization of the
anatomic compartments and their neighboring
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evaluation of the larynx. The rapid technical im-
References 190 provement of MSCT in recent years has made CT
the first-choice imaging modality in many clinical
conditions. The thinner slice collimation with im-
proved anatomic detail visualization, the consider-
ably reduced scanning time, and the possibility to
calculate multiplanar reconstructions (MPR) from
the scanned volume data set have contributed to
the ascent of CT scanning in head and neck oncol-
ogy. Especially helpful is the ability of cross-sec-
tional imaging to reveal pathologic conditions that
are not detectable by endoscopy or in the setting of
staging underestimated due to submucosal spread.
The aim of this article is to provide protocol sug-
gestions for MSCT of the head and neck regions
on the basis of a tailored review of the most im-
portant anatomic structures and their pathologic
conditions.
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Introduction

The anatomy of the face and the neck is always a chal-
lenge to clinicians and radiologists. Many small, but
critical structures pass from the brain through the neck
to the thoracic region. Complex anatomic structures
and regions, such as the facial skeleton, the paranasal
sinuses, the deep spaces of the neck, and the larynx,
require a profound knowledge of the different neigh-
boring cervical structures and compartments. This un-

derstanding is crucial for the radiologist to be able to
choose the appropriate imaging modalities, communi-
cate the findings precisely to the clinician, and gener-
ate a valuable differential diagnosis. The purpose of this
chapter is to describe regional distinctions of the head
and neck anatomy and their characteristic pathologic
lesions and to offer state-of-the-art protocols for multi-
slice spiral computed tomography (MSCT) for the eval-
uation of the head and neck.

In this chapter we try to summarize the special
MSCT scan protocols dependent upon the different
anatomic regions and their needs. The MSCT protocols

Table 14.1. Trauma protocol: Scan und reconstruction parameters for MSCT of midface and paranasal sinuses (mAs above 100
for the diagnosis of malignant disease). Additional convolution kernels are necessary for tumor evaluation and i.v. contrast ad-
ministration. Sagittal and coronal multiplanar reconstructions are mandatory

Scan parameters 16 slice

Scan range Frontal sinus/mandibula
Tube voltage (kV) 120

Tube current time product (mAs) 40/160

Rotation time (s) <1

Pitch 0.8
Collimation (mm) 0.625

Recon increment (mm) 0.5

Kernel Bone
Reconstructions slice thickness (mm) 0.75

64 slice

Frontal sinus/mandibula

120
40/160
<1

0.8
0.625
0.5
Bone

0.75

Table 14.2. Tumor protocol: Scan und reconstruction parameters for MSCT of nasopharynx, oropharynx (including oral cav-
ity), and hypopharynx. Blood parameters about renal (creatinin) and thyroid (TSH) function should be obtained before i.v. con-
trast application. The scan range should be chosen from the skull base till the aortic arch to evaluate intracranial tumor spread or
suspect lymphoid node stations. Sagittal and coronal multiplanar reconstructions (MPRs) are mandatory. Delay can be varied for
more highly vascularized tumors to achieve good contrast

Scan parameters 16 slice 64 slice

Scan range Frontal sinus/aortic arch Frontal sinus/aortic arch
Tube voltage (kV) 120 120

Tube current time product (mAs) 180 180

Rotation time (s) 0.75 0.75

Pitch 1-1.5 1-1.5

Collimation (mm) 1.25 0.625

Recon increment standard (mm) 2 2

Recon slice thickness standard (mm) 3 3
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Table 14.2. (continued) Tumor protocol: Scan und reconstruction parameters for MSCT of nasopharynx, oropharynx (including
oral cavity), and hypopharynx. Blood parameters about renal (creatinin) and thyroid (TSH) function should be obtained before
i.v. contrast application. The scan range should be chosen from the skull base till the aortic arch to evaluate intracranial tumor
spread or suspect lymphoid node stations. Sagittal and coronal multiplanar reconstructions (MPRs) are mandatory. Delay can be

varied for more highly vascularized tumors to achieve good contrast

Scan parameters 16 slice 64 slice

Scan range Frontal sinus/aortic Frontal sinus/aortic
arch arch

Kernel 1 Standard Standard

Kernel 2 Bone Bone

Recon increment bone (mm) 1.0 0.6

Recon slice thickness
bone (mm) 1.5 0.75-1

Contrast media

Volume (ml) 100 100
Mg iodine/ml 300 300
Injection rate (ml/s) 2 2
Delay (s) 50-70 50-70

Table 14.3. Tumor protocol: Scan und reconstruction parameters for MSCT of the larynx and hypopharynx. Blood parameters
about renal (creatinine) and thyroid (TSH) function should be obtained before i.v. contrast application. The acquisition should be
performed in breath technique. Thin sagittal and coronal multiplanar reconstructions (MPRs) are also mandatory

Scan parameters 16 slice 64 slice

Scan range Mandibula/jugulum Mandibula/jugulum
Tube voltage (kV) 120 120

Tube current time product (mAs) 220 220
Rotation time (s) 0.5 0.5

Pitch 1.0-1.5 1.0-1.5
Collimation (mm) 0.625 0.625

Recon increment (mm) 0.5 0.5

Recon slice thickness (mm) 0.75-1.0 0.75-1.0

Kernel Standard Standard

Contrast media

Volume (ml) 100 100
Mg iodine/ml 300 300
Injection rate (ml/s) 3 3

Delay (s) Arterial / 70 Arterial / 70
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Fig. 14.1. MSCT with coronal multiplanar reconstruction of
the midface. Key structures of the sinuses and the osteomeatal
complex: FE, fovea ethmoidales; UP, uncinate process; FS,
frontal sinus; MS, maxillary sinus; O, ostium of maxillary
sinus; B, ethmoid bulla; H, inferior “Haller” cell; IT, inferior
turbinate; M T, middle turbinate; S, septum

Fig. 14.2a-c. MSCT images showing important anatomic
landmarks of the midface and adjacent structures. a Axial
MSCT image at the plane of the corpus of the sphenoid bone:
NL, nasolacrimal duct; S, nasal septum; IO, infraorbital canal;
FO, foramen ovale; FS, formanen spinosum; CC, carotid canal.
b Axial MSCT image at the plane of the clivus: C, clivus; OP,
oropharynx; MS, masticator space; PF, pterygopalatine fossa.
¢ Sagittal MDCT image in the midline through the frontal re-
cess: B, ethmoid bulla; FS, frontal recess; EC, ethmoid cells; SS,
sphenoid sinus; IT, inferior turbinate; M T, middle turbinate
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for the paranasal sinuses and the nasopharynx are sepa-
rated because, for the sake of completeness, the possi-
bility of a low dose protocol for the evaluation of the
sinuses and the facial skeleton should be mentioned.
Table 14.1 shows the MSCT scan and reconstruction
protocol suggested for the paranasal sinuses and Table
14.2 shows the MSCT scan and reconstruction proto-
col suggested for the nasopharynx and MSCT scan and
the reconstruction protocol suggested for the oral cavity
and the oropharynx; Table 14.3 shows the MSCT scan
and reconstruction protocol for the hypopharynx and
the larynx.

Paranasal Sinuses and Nasopharynx

14.2.1
Anatomy

The region of the paranasal sinus and nasal cavity is sub-
ject to a wide range of detailed anatomic findings and a
variety of different lesions. The normal anatomic varia-
tion and the different appearance of sinonasal masses
make good anatomic knowledge mandatory. Essential
anatomic structures of the sinuses are the ostiometal
complex, the frontal recess, and the spheno-ethmoid
recess (Fig. 14.1).

Fig. 14.3. MSCT with coronal multiplanar reconstruction us-
ing a bone algorithm of the midface. The CT shows a charac-
teristic osteoma (asterisks) of the right frontal sinus (A). This is
a benign intrasinus mass of osseous origin

The osteomeatal complex is the decussation of dif-
ferent structures such as the anterior ethmoid, the fron-
tal sinus, and the maxillary mucus drainage. Of special
importance is the uncinate process (MAROLDI et al.
2004). Another crucial landmark is the pterygopalatine
fossa, a narrow space between the pterygoid process and
the vertical process of the palatine bone, which com-
prise the pterygopalatine ganglion, part of the maxillary
nerve (LANDSBERG and FRIEDMAN 2001) (Fig. 14.2).
Histologically, the paranasal sinus and nasal cavity are
lined by ciliated columnar epithelium that harbors mu-
cinous and serous glands (Fig. 14.3).

14.2.2
Oncological Imaging
of Sinonasal Masses

Malignant tumors of the paranasal sinuses and the na-
sal cavity comprise only 3% of all malignancies of the
head and neck region. There is some essential infor-
mation for imaging sinonasal malignancies. Despite
the anatomic diversity, there is some prevalence of the
origin of neoplasms. About 75% arise from the maxil-
lary sinus, and about 25% arise primarily in the nose or
the ethmoid sinus (TIwARI et al. 2000). Comprising up
to 80% of these masses, the most common malignancy
of the sinonasal area is squamous cell carcinoma (Fig.
14.4). Up to now, no direct link to cigarette smoking
has been found. However, nickel and thorotrast expo-
sures are thought to be risk factors for the development
of squamous cell carcinoma. Not to be forgotten, hu-
man papilloma virus may have a role in the malignant
transformation of inverted papilloma to squamous cell
carcinoma. Other entities are malignancies arising from
the surface epithelium or seromoucous glands, such as
adenocarcinoma, over 50% of which can also be found
in the maxillary sinus. Within the head and neck re-
gion, the most common site is the sinonasal melanoma
(Fig. 14.5).

The most common clinical signs for most of these
tumors are symptoms of medical refractory chronic si-
nusitis, and, dependent on size and location, additional
signs of unilateral nasal obstruction and epistaxis. The
relevant areas to evaluate in imaging tumors of the max-
illary sinus include the posterior wall of the maxillary
sinus, the pterygopalatine fossa, and the floor of the or-
bit. Especially the posterior spread in the pterygopaltine
fossa and a possible perineural tumor spread are crucial
information for surgical planning and are associated
with a poorer prognosis. Initially, high-resolution com-
puted tomography (CT) with iv. contrast can demon-
strate replacement of fat in the fossa, associated with
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information about destruction of palatine bony struc-
tures. Additional information about the integrity of the
walls of the orbit can be achieved with MSCT. The dis-

tortions of the orbital walls occur frequently because of
maxillary and ethmoidal neoplasms. Similar to orbital
bone invasion, bone destruction of the skull base is ex-
cellently demonstrated by CT with sagittal and coronal
multi-planar-reconstructions (MPRs). Especially for the
evaluation of the thin bony region between the ethmoid
roof, the cribriform plate, and the anterior cranial fossa,
sagittal MPRs with a thin bone reconstruction kernel are
mandatory. CT with multi-planar reconstructions is the
most reliable imaging modality to diagnose fat and bone
invasion, although, especially for oncologic imaging of
the sinuses, MRI is superior in soft tissue invasion (e.g.,
perineural tumor spread and intracerebral edema) and
should be used additionally for pre-therapeutic staging.

Fig. 14.4a-c. Squamous cell carcinoma of the ethmoid sinus-
es. a Enhanced axial MSCT image shows an expansile, enhanc-
ing mass in the anterior ethmoid cells (*) and bulging into the
left orbit (white arrow). Mucosal thickening in the sphenoid
sinus (#). b Enhanced MSCT as coronal MPR (standard tissue
kernel) showing the inhomogenous mass in the ethmoid sinus
(*) with suspicious destruction of the cribriform plate (#) and
infiltration of the anterior cranial fossa. ¢ Coronal MPR (bone

kernel) confirms the bony destruction of the superior nasal
turbinate (*) and the cribriform plate (#) as well as thinning of
the medial orbital wall (A)

Oral Cavity and Oropharynx

14.3.1
Anatomy

Oral Cavity

The anatomic details of the oral cavity contain the floor
of the mouth, centrally located, the anterior two thirds
of the tongue (the posterior one third belongs to the
oropharynx), the lips, and the oral vestibule (SMOKER
2003). The oral cavity lies anterior to the oropharynx
and is separated posteriorly by the soft palate, the an-
terior tonsillar pillars, and circumvillate papillae (of the
tongue). The tongue consists of two kinds of muscula-
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ture: the intrinsic muscles (longitudinal, transverse, and
vertical fibers) and the extrinsic muscles (palatoglossus,
genioglossus, hyoglossus, and styloglossus muscles).
The hard palate and the superior alveolar ridge are the
superior, the mylohyoid muscle (floor of the mouth),
constitutes the inferior border. The lateral borders are
the cheeks (Fig. 14.6).

Within the oral cavity lies the submandibular, the
submental, and the sublingual space. The submandibu-
lar space is located between the hyoid bone and the my-
lohoid muscle and contains the submandibular glands,

Fig. 14.5a-c. Melanoma of the left maxillary sinuses. a En-
hanced axial MSCT image depicts an enhancing mass in the
left maxillary sinus (#). The tumor has grown through the me-
dial wall of the maxillary sinus and reached the nasal cavity
(black arrow). b Axial MSCT image (thin bone reconstruction)
demonstrating the melanoma (#) filling the maxillary sinus
without bony reaction of the anterior or lateral wall. ¢ Axial
T1-weighted fat-saturated spin echo image after contrast (gad-
olinum) administration showing an inhomogenous enhancing
mass (#) of the sinus with bright, hyperintense areas of mela-
nin, typical for melanoma

lymph nodes, and the facial artery and vein. The sub-
lingual space, which is not encapsulated by its own fas-
cia, communicates posteriorly with the submandibular
space and contains the sublingual gland, the subman-
dibular duct, the hypoglossal and facial nerve, as well
as the facial artery and vein. The retromolar region, a
region posterior to the last molar, and the pterygoman-
dibular raphe, a fibrous band extending from the man-
dible to insert into the pterygoid process, are common
anatomic crossroads of tumor spread (SMOKER 2003;
LENZ et al. 2000).
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Fig. 14.6. Axial MSCT image of the floor of the mouth at the
level of the mandible. The pharyngeal mucosal space of the
oropharynx (O). The base of the tongue with the genioglos-
sus muscle (#) and the middle lingual septum (black arrow).
The mylohyoid muscle (*) separates the submandibular space
containing the submandibular gland (GS) laterally (black ar-
rowheads), ramus mandibulae (M)

Fig. 14.7a,b. Squamous cell carcinoma of the tongue base.
a Enhanced axial MSCT image clearly demonstrates an en-
hancing mass at the lateral tongue (#). The mass shows delinea-
tion to the surrounding tissue medially (white arrow) and bulg-

Oropharynx

The oropharynx can be described as a three-dimen-
sional structure bounded anteriorly by the anterior pil-
lars of the pharyngeal fauces (the palatoglossus muscle),
the circumvallate papillae (sulcus terminales), or the
junction of the hard and soft palates. Posterior and lat-
eral boundaries are formed by the muscular pharyngeal
wall (superior and middle constrictor muscles). The su-
perior extent is the level of the hard palate. The exten-
sion inferiorly reaches the level of the base of the tongue
or level of the hyoid. The oropharynx is further subdi-
vided into five areas. These include the lateral pharyn-
geal walls, tonsillar regions, posterior wall, base of the
tongue, and soft palate. Beneath the mucosal compart-
ments, the oropharynx is surrounded laterally and pos-
teriorly by fascial compartments. These spaces are the
retropharyngeal, and bilaterally, the parapharyngeal
spaces. These are potential routes of per continuitatem
tumor growth or spread of infections reaching until the
mediastinum. Histogically, the oropharynx is lined by a
non-Kkeratinizing stratified squamous epithelium.

ing towards the oropharyngeal mucosal surface (black arrow).
b Coronal MPR of the same patient showing the cranio-caudal

extent of the tumor within the intrinsic muscles of the tongue
(# and black arrow)
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14.3.2
Oncological Imaging of Oral Masses

Malignant tumors of the oropharynx, the floor of the
mouth, and the oral cavity represent about 2-5% of all
malignancies. Overall, the most common type of oral
cancer is squamous cell carcinomas (SCCa) (Fig. 14.7).
They account for more than 90% of all oral malignant
lesions. The underlying alterations may be geneti-
cally determined or are thought to be caused by pro-
longed exposure to factors such as tobacco and alcohol
(MEYERS 1996). Other neoplasms are minor salivary
gland tumors (e.g., adenocarcinomas) that preferen-
tially spread along nerves. Additional entities are lym-
phomas and, very rarely, sarcomas. In childhood, rhab-
domyosarcoma is the most frequent malignant mass
of this area (LENZ et al. 2000). One type of differential
diagnosis of enhancing masses of the oral cavity is an
infectious mass-demanding process, especially abscess
formation (Fig. 14.8). Abscess of odontogenic origin is

very common.

Oral cavity cancers can be subdivided into the fol-
lowing areas: the buccal and gingival mucosa, the upper
alveolus and lower alveolus, the hard palate, the tongue,
and the floor of mouth.

The choice of imaging modality is determined by
answering critical clinical questions: precise tumor lo-
cation, submucosal and potential neurovascular spread,
and lymph node and cortical bone invasion. Crucial for
the prognosis of the patient’s outcome is the location
and size of the early metastasizing into regional lymph
nodes. Depending on the size and infiltration into sur-
rounding connective tissue, surgical treatment with or
without radiation is the appropriate approach.

Common sites for squamous cell carcinomas are
the buccal mucosa where the lateral walls of the buccal
cavity are preferred. The tumor can spread along the
submucosa and can erode the adjacent alveolar or
mandibular ridge. Especially for tumor of this entity,
CT can detect early mucosal masses and associated
indirect signs. So about 85% of all squamous cell
carcinomas show contrast enhancement; the others
are only apparent through their demanding of space
(LENz 2000).

If the squamous cell carcinomas arise in the floor of
the mouth, they commonly arise in the anterior third
and most spread medially.

(black arrow), with hypodense center (#) adjacent to the man-
dible. b Coronal MPR (bone algorithm) detects cortical dis-
connection at the lingual aspect of the tooth (region 38) and
contact to the root tip

Fig. 14.8a,b. Odontogenic abscess formation of the floor of
the mouth. a Axial enhanced MSCT with rim enhancing mass
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Fig. 14.9a-e. Anatomy of the hypopharynx and parts of the
larynx. Axial CT images and an additional coronal MPR ac-
quired with a 64-row CT scanner at different planes through
the hypopharynx and the larynx: The hyoid bone (a), the piri-
form sinus (b), the vocal cords (c), and the beginning of the
trachea and esophagus (d). Coronal MPR of MSCT volume
(e). a E, epiglottis; GF, glossoepiglottic fold; V, vallecula; H,
hyoid bone; b AF, aryepiglottic fold; H, hypopharynx; P, piri-
form sinus; T, thyroid cartilage; ¢ A, arytenoids cartilage, T,
thyroid cartilage; TV, true vocal cord; PA, postrcricoid area; d
C, cricoid cartilage; T, thyroid cartilage; PA, postercicoid area;
e O, oropharynx; A, aditus laryngeus; L, larynx; #, piriform si-
nus; *, vocal cords
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Hypopharynx and Larynx

14.4.1
Anatomy

Hypopharynx

The hypopharynx can be described as the link between
the oropharynx and the esophagus. It is the caudal
continuation of the pharyngeal mucosa space and the
most inferior portion of the pharynx (WYCLIFEE et al.
2007). It extends from the hyoid bone to the lower mar-
gin of the cricoid cartilage. The hypopharynx can be
divided into three sub-regions: the piriform sinus, the
posterior pharyngeal wall, and the post-cricoid region
(Fig. 14.9).

The paired piriform sinus is the anterolateral recess
of the hypopharynx. They extend cranio-caudaly from
the pharyngoapiglottic fold to the lower margin of the
cricoid cartilage, centered laterally to the inner surface
of the thyroid cartilage and medially to the aryepiglottic
folds. The apex of the sinus is the inferior margin at the
level of the true vocal cords. With 65% to 85% occur-
rence, the piriform sinus is the most common area of all
hypopharyngeal masses arising.

The posterior wall consists of the inferior continu-
ation of the posterior orophayryngeal mucosal wall
(HARNSBERGER 1995). About 20% of carcinomas of the
hypopharynx arise in this area (BECKER 2004).

The post-cricoid region is the anterior wall of the in-
ferior hypopharynx and the posterior wall of the larynx.
It is the link between the larynx and the hypopharynx. It
extends from the cricoarytenoid joints to the cricopha-
ryngeos muscle inferiorly.

Larynx

A thorough understanding of basic laryngeal anatomy
is essential for the accurate diagnosis and staging of
malignant laryngeal tumors. Towards this aim and the
defined purpose of this chapter, we kindly refer the
reader to excellent text books and review articles dealing
with the detailed anatomy of the larynx. The detailed,
very complex anatomy of the larynx and accompanying
laryngeal structures would by far extend the context of
this chapter. Therefore, we explain the three clinically
important levels of the larynx and try to highlight
the most important anatomical landmarks with the
appropriate regional distinctions for oncological
imaging.

On principle, two horizontal planes divide the lar-
ynx into the three regions of the supraglottis, glottis and
subglottis. The first (cranial) plane extends horizontally
through the apex of the two laryngeal ventricles. The
second plane is located about 1 cm caudally to the first.
Here, the supraglottic larynx is the region that lies cra-
nial to the first, with the superior border of the supra-
glottis as the tip of the epiglottis. Within this plane lies
the upper arytenoids cartilage (Figs. 14.9). The plane
of the glottis is the level between the two mentioned
planes and includes the anterior and posterior commis-
sure. Finally, the most caudal level, the subglottis, is the
region below the lowest plane and the cricoid cartilage
(ZINrEICH 2002).

14.4.2
Imaging of Hypopharyngeal
and Laryngeal Masses

Hypopharynx

Hypopharyngeal cancers are most often squamous cell
carcinoma and have the worst prognosis of all head and
neck cancers (WYCLIFFE et al. 2007). These tumors tend
to present with early nodal metastasis and surrounding
tissue invasion at diagnosis due to the unspecific and late
onset of clinical symptoms. Especially distant metasta-
sis is more common in hypopharyngeal cancers than in
any other head and neck masses (HARNSBERGER 1995).
Overall, the 5-year survival rate is extremely poor and
ranges between about 25%-40% (WYCLIFFE et al. 2007).
Etiologically, there is a strong association with alcohol
and tobacco use in western countries.

On a cellular level, most masses arise from the epi-
thelial layer of the mucous membrane and are predomi-
nantly (about 95%) squamous cell carcinoma. Other
entities, which comprise less than 5% of all masses, are
carcinomas of the minor salivary gland, basal cell carci-
noma, and spindle cell carcinomas.

The goals of imaging hypopharyngeal cancers are
similar to cancer imaging in other neck areas. Contrast-
enhanced MSCT is often the first imaging modality to
delineate the tumor extent by contrast enhancement
and invasion of fat or muscle tissue. CT (as well as MRI)
can give crucial information, additional to clinical ex-
amination, about staging and the status of important
landmarks, such as infiltration of parapharyngeal fat
and cartilage or midline invasion.

Due to the advent of new generation MSCT scan-
ners, high-resolution image volumes can be obtained in
a few seconds. Further, more detailed coronal and sagit-
tal MPR can be reconstructed. Especially in the area of
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the hypopharynx and the bordering larynx, reduction
in scan time can minimize swallowing artifacts and en-
hance image quality.

The three subtypes of hypopharyngeal cancer have
distinct characteristics, which can be important to know
for correct staging:

Tumors of these regions all spread through the
muscles of the hypopharyngeal wall. The lateral wall
piriform sinus masses tend to spread laterally to the
oropharyx and the base of the tongue as well as the me-

dially located masses anteriorly to the supraglottic and
glottic larynx (WYCLIFEE et al. 2007).

Tumors of the posterior pharyngeal wall extend
through the hypopharynx to the posterior oropharyn-
geal wall (JoNes and STELL 1991). They usually appear
as asymmetrical thickening of the posterior wall. The
postcricoid masses are very rare, but show a growth pat-
tern anteriorly invading the posterior cricoarytenoid
muscle and spreading submucosally towards the cricoid
cartilage, the trachea, or the esophagus.

Fig. 14.10a-c. MSCT image demonstrating a supraglottic
carcinoma of the right aryepiglottic fold. a Contrast-enhancing
mass in the right aryepiglottic fold (#). The right piriform si-
nus is compressed by the mass (P). Extension to the pharyngeal
wall (arrow). b The craniocaudal extension (#), the relation to
the arytenoid (A) and the thyroid cartilage (T), as well as the
aryepiglottic fold (arrow) are observed in the coronal recon-
struction. ¢ Additional sagittal reconstruction (MPR) delineat-
ing the mass (#) in anterior-posterior direction
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Fig.14.11a,b. Glottic carcinoma at the level of the vocal cords.
a Axial MSCT contrast-enhancing glottic neoplastic mass (#)
invasion of the left paraglottic space due to a ventricular mass.
The tumor mass erodes the medial aspect of the thyroid carti-

Overall squamous cell carcinoma of the hypophar-
ynx has a relatively poor prognosis, with up to 75% of
patients having metastases to cervical lymph nodes at
initial presentation. Another challenge for the radiolo-
gist is the detection of tumor recurrence. Especially in
the hypopharyngeal region, the regional recurrence rate
is the highest in the neck region with 38% and distant
metastasis with 11% (WYCLIFEE et al. 2007).

Larynx

Due to the complex anatomy of the laryngeal structures
and the constitution on covering the whole neck, we re-
fer the to dedicated and excellent books and review arti-
cles dealing with the anatomy of the larynx (ZINNREICH
2002; BECKER 2004). Laryngeal tumors are classified
by their location in one of three distinct anatomic re-
gions: the supraglottis, the glottis, and subglottis. This
classification not only provides information regarding
the exact location, but also the extension pattern, the
progression of the disease, and the expected response
to treatment. Additional, the widely used TNM staging
system for laryngeal cancers is organized on the basis of
these three anatomic regions (Som and CURTIN 2003).
According to hypopharyngel malignant tumors, over
90% of laryngeal tumors are squamous cell carcinoma
(BECKER 2004). Carcinomas of the larynx arise in 30%

lage (arrow). b The coronal MPR demonstrates, additional to
the glottic mass (#), a subglottic part of the tumor extension
(arrowhead). Cartilaginous disruption of the thyroid cartilage
(arrow)

in the supraglottic region, 65% in the glottis, and about
5% in the subglottis.

Supraglottic tumors have a reported incidence of
about 60-70%. Clinical signs such as hoarseness and
change in voice can be the first suspicion. Axial CT
images as well as MRI scans can provide an excellent
overview of this region and give additional information
to endoscopy. Supraglottic masses originating from the
epiglottis primarily invade the pre-epiglottic space. As
well as masses arising from the false cord, the laryngeal
ventricles or aryepiglottic fold primarily infiltrates the
paraglottic space. The diagnostic clue on axial images is
the enhancing mass and the replacement of hypodense
fat tissue by tumor tissue. Additional sagittal recon-
structions (MPR) can excellently delineate the infiltra-
tion of the pre-epiglottic space. CT and MRI provide a
good illustration of tumor infiltration in this anatomic
region and show high sensitivities. The primarily lym-
phatic spread is directed towards the superior jugular
lymph nodes and is very common (ZINREICH 2002).
Axial scan range should always include the tip of the
lung (Fig. 14.10).

Glottic carcinoma is the most common form of la-
ryngeal cancer and is usually diagnosed in very early
stages due to the typical hoarseness caused by vocal
cord masses. In addition to the primary diagnostic tool,
the endoscopy, the role of cross-sectional imaging is
the determination of growth pattern and submucosal
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Fig. 14.12. Small subglottic carcinoma (#) with partial ob-
struction of the trachea on an axial MSCT image

spread. Glottic tumors typically arise from the ante-
rior half of the vocal cords and spread into the anterior
commissure (BECKER 2004). The contralateral cord,
the paraglottic space, and the thyroarytenoid muscle
are important landmarks to delineate until the tumor
reaches the anterior commissure. Deep submucosal
subglottic spread is very common and especially diffi-
cult to diagnose. Therefore, the axial and coronal planes
are necessary so as not to underestimate the tumor size.
However, nodal metastasis from vocal cord tumors is
rare, and the radiographic examination should include
the lower neck up to the sinuses (Fig. 14.11).

Subglottic carcinoma is a very rare entity with an in-
cidence of about 1.5% (ZINREICH 2002). Nevertheless,
this subtype of laryngeal cancer has the worst prognosis
and is highly malignant. The carcinoma of the subglot-
tic region tends to spread to the trachea or invade the

thyroid gland. Lymph node metastasis is much more
common than in glottic carcinoma, and cross-sectional
imaging is not only to define the exact extent, but also
the nodal status of the para- and pretracheal nodes
(BECKER 2004). The upper mediastinal region should
be included in the scan range when imaging patients
with suspected subglottic carcinomas (Fig. 14.12).
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ABSTRACT

Recent technological advances in MDCT enabled
the introduction of the noninvasive technique for
the routine workup of the coronary arteries in daily
clinical practice. Patients with a low to intermedi-
ate likelihood of coronary artery disease (CAD)
and having equivocal findings at electrocardiogram
(ECQG) or stress tests are the optimal candidates to
undergo noninvasive coronary imaging with CT.
In order to gain high diagnostic accuracy, the CT
scanner system should provide high temporal and
spatial resolutions. This is necessary to compensate
for motion of the coronary arteries and to allow
for multiplanar reformations without artifacts. The
CT data need to be synchronized to the simultane-
ously recorded ECG, and both retrospective ECG
gating or prospective ECG triggering can be used
for data acquisition and reconstruction. When im-
plementing the technique of ECG pulsing for re-
ducing the radiation dose, flexible adjustments of
the pulsing widths at different heart rates are rec-
ommended. With regard to the image quality, the
dependency on the average heart rate and variabil-
ity decreases with the increasing temporal resolu-
tion of the CT system. When using 64-slice CT, av-
erage heart rate and heart rate variability should be
diminished through the foregoing administration
of B-blockers. With dual-source CT, a reduction
of heart rate and variability is no longer necessary.
Severe arterial wall calcification still hamper the
diagnostic capabilities of CT, even when using the
most recent technology. With every new CT scan-
ner generation, the robustness increases, while the
rate of nondiagnostic coronary artery segments
decreases.
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Introduction

Coronary artery disease (CAD) is recognized as the
leading cause of mortality in the Western world (THoM
et al. 2006). Over the past decades, conventional cath-
eter coronary angiography (CCA) has been the only
accepted gold standard method for clinical imaging of
CAD. However, CCA is cost-extensive and results in
inconvenience to the patients, and is associated with a
small but distinct procedure-related morbidity (1.5%)
and mortality (0.15%) (ZaANZoNIcCoO et al. 2006). More-
over, the accuracy of CCA is severely hampered by a
significant intra-observer as well as interobserver vari-
ability in defining the stenoses degree of up to 50%
(GALBRAITH et al. 1981; WHITE et al. 1984), which is
underlined by a poor correlation with postmortem cor-
onary pathology (VLODAVER et al. 1973; ARNETT et al.
1979).

In 2002, about 2 million conventional CCA proce-
dures were performed in Europe alone (MAIER et al.
2005). Interestingly, only a third of these were subse-
quently followed by a percutaneous intervention, which
indicated that CCA was mostly used as a purely diagnos-
tic tool. The associated economic burden and the incon-
venience to patients have prompted an intensive search
for alternative, noninvasive means for coronary artery
imaging (ACHENBACH et al. 2001). In fact, over the
last 5 years, we have witnessed an impressive growth of
the literature on noninvasive techniques for the assess-
ment of CAD. In particular, the introduction of MDCT
scanners having a submillimeter spatial resolution and
subsecond gantry rotation times has revolutionized the
field of cardiac imaging by enabling a “direct” noninva-
sive imaging of the coronary arteries.

With 16-slice CT, early results for the noninvasive
assessment of the coronary arteries were promising.
However, it was not until the introduction of 64-slice
CT that noninvasive CT coronary angiography could
be fully integrated into daily routine clinical practice
(LescHKA et al. 2005; RAFF et al. 2005; MOLLET et al.
2005; LEBER et al. 2005). This was fascilitated by the
high temporal and spatial isotropic resolutions of these
systems, which enabled robust cardiac imaging with a
considerably reduced number of nonevaluable coronary
segments.

As a result of these technical advances, the Task
Force on the Management of Stable Angina Pectoris of
the European Society of Cardiology has recently recom-
mended the performance of CT coronary angiography
in patients having a stable angina, a low pretest probabil-
ity of CAD, and an inconclusive exercise ECG or stress

imaging test (Fox et al. 2006). The American Heart As-
sociation (AHA) has recently stated that, particularly if
the symptoms, age, and gender of a patient suggest a low
to intermediate pretest probability of hemodynamically
relevant stenoses, ruling out these stenoses by CT coro-
nary angiography may be clinically useful and may help
to avoid invasive CCA (BUDOEEF et al. 2006). Finally, a
consensus paper of various international radiological
and cardiovascular societies has noted the use of CT
coronary angiography to be appropriate in patients with
chest pain having an intermediate pretest probability of
CAD and an uninterpretable ECG or who are unable to
exercise (HENDEL et al. 2006).

Nevertheless, despite of these numerous improve-
ments in CT scanner technology, a number of factors
still have rendered some examinations nondiagnostic.
In particular, motion artifacts of coronary segments oc-
curred, particularly at higher heart rates, and led to a
decline in the diagnostic performance of the noninva-
sive technique (LEscHKA et al. 2005; RAFF et al. 2005;
MOoLLET et al. 2005; LEBER et al. 2005). Consequently,
a heart-rate reduction using either oral or intrave-
nous P-receptor antagonists in order to achieve a heart
rate lower than 65 or even 60 beats per minute (bpm)
was considered necessary for coronary imaging with
64-slice CT.

Because of these still-existing limitations, further
CT scanner technology developments ensued. As a
result, the dual-source 64-slice CT scanner was intro-
duced. This CT system offers a high temporal resolu-
tion of 83 ms in a monosegment reconstruction mode,
which has dispensed the necessity for administering
B-blocking medication for heart rate reduction prior
to CT coronary angiography (ACHENBACH et al. 2006;
JoHNSON et al. 2006; SCHEFFEL et al. 2006).

This chapter provides a summary of knowledge that
has accumulated over the past years with respect to
noninvasive imaging of coronary arteries with MD CT.

Technical Issues

In order to freeze an image of the beating heart, the
imaging modality should provide high temporal reso-
lution. This is necessary to compensate for motion of
the coronary arteries, which demonstrate a complex
and nonuniform movement pattern within and across
the different coronary arteries, as well as within the
different parts of the cardiac cycle (ACHENBACH et al.
2000). At heart rates below 80 bpm, the diastolic phase
represents that phase of the cardiac cycle with the least
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coronary motion, whereas at heart rates above 80 bpm,
motion during the systolic phase is equal or even below
that during diastole. Thus, data reconstruction must
be synchronized to the cardiac cycle that is performed
through simultaneous recording of the patients ECG.
After data acquisition, the ECG will be synchronized
with the acquired raw data for image reconstruction.

In addition to high temporal resolution in combi-
nation with ECG synchronization, high spatial resolu-
tion is needed to resolve the tiny coronary segments.
This spatial resolution should enable the visualization
of the various coronary segments that run in different
directions both within and through the imaging plane.
Coronary artery segments range from a few millime-
ters in diameter at their origin to submillimeters along
their course. For diagnostic imaging of the coronary
segments, the spatial resolution of the system should
be isotropic in order to allow for multiplanar reforma-
tions in any arbitrary planes. These requirements of a
high temporal and a high isotropic spatial resolution
with regard to coronary imaging were fulfilled since the
introduction of 64-slice CT.

15.2.1
Phase Synchronization

Retrospective ECG gating represents the most com-
monly used technique of data reconstruction in CT

coronary angiography examinations. With this mode,
the X-ray tube runs in a helical or spiral fashion con-
tinuously around the patient. With use of the recorded
ECG signal, image reconstruction is performed retro-
spectively, and the interval can be freely chosen. The
major advantage of retrospective ECG gating repre-
sents the fact that theoretically, any desired phase of
the cardiac cycle can be reconstructed. This can be par-
ticularly important in patients with higher or irregular
heart rates. The disadvantage of the retrospective ECG
gating mode is the associated increased radiation dose
that results from the continuous and non-overlapping
acquisition of data. Because of the radiation dose issue
of retrospective ECG gating, the technique of ECG con-
trolled tube current modulation, or ECG pulsing tech-
nique, has been introduced (JakoBss et al. 2002). With
this technique, the tube output is raised to the nominal
level within every cardiac cycle during a limited inter-
val in the diastolic phase where data are most likely to
be reconstructed. During the remaining part of the car-
diac cycle, the tube output is reduced to approximately
25% by a corresponding decrease of the tube current.
This results in radiation doses reductions of up to 47%
as compared with continuous scanning with a uniform
tube current.

Another technique for phase synchronization is the
prospective ECG triggering or step-and-shoot mode
technique. This technique is widely used for the quanti-
fication of the coronary calcium burden (calcium scor-

Fig. 15.1a-d. Dual-
source CT coronary
angiography in a
49-year-old man with a
single episode of atypical
chest pain. Scanning was
performed with in the
step-and-shoot mode
(mean heart rate 66
bpm). Curved multipla-
nar reformations of the
right coronary artery (a),
left anterior descend-
ing artery (b), and the
left circumflex artery.
(c,d see next page)
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Fig.15.1a-d. (continued) Dual-source CT coronary angiography in a 49-year-old man with a single episode of atypi-
cal chest pain. Scanning was performed with in the step-and-shoot mode (mean heart rate 66 bpm). Curved multi-
planar reformations of the right coronary artery (a), left anterior descending artery (b), and the left circumflex artery
(c) demonstrate some eccentric calcified plaques, but no significant stenosis. The volume rendered image (d) shows
the separate origin of the left anterior descending and left circumflex artery from the left sinus of Valsalva. Estimated
effective radiation dose of this examination was 0.9 mSv

ing) (BUDOFF et al. 2006). However, a recent experi-
mental study has brought into attention this low-dose
technique also for CT coronary angiography (Hsien
et al. 2006). In the step-and-shoot mode, data is only
acquired at predefined time points of the cardiac cycle
when the data acquisition is considered relevant. The
table remains stationary, and only the gantry rotates
around the patient. The X-ray tube is turned on at an
a priori chosen time interval from the last monitored
R-R (waves) peak. Then, the table is translated to the
next bed position, and the scanner acquires more pro-
jections. This cycle repeats until the entire scan length of
the heart is covered. An increasing number of detectors
allow larger volume coverage per gantry rotation, which
decreases the required breath hold time. The major ad-
vantage of scanning in the step-and-shoot mode is a low
radiation exposure through shortening of the X-ray on
time (Fig. 15.1). On the other hand, higher and irregu-
lar heart rates prevent the use of this technique for CT
coronary angiography, because of the predefined nature
of reconstruction interval selection.

15.2.2
Data Reconstruction

The minimum data that is required to reconstruct a CT
image is 180° of one gantry rotation with single-source
CT and 90° with dual-source CT. These data may be re-
constructed either utilizing monosegment or multiple-
segment reconstruction techniques (McNITT-GRAY
2002).

With monosegment reconstructions, the time
needed to complete a half rotation in single-source CT
or a quarter rotation in dual-source CT determines the
temporal resolution of the scanner. The gantry rotation
time is defined as the time that is required to complete
one full rotation (360°) of the X-ray tube and detector
elements around the subject. If the gantry rotation time
is 500 ms, then the temporal resolution is little greater
than half the gantry rotation time and equals between
270 and 280 ms, with monosegment reconstructions (it
is not exactly 500 ms/2 because the fan beam angle has
to be considered too). In order to improve further the
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temporal resolution of the scanners, the gantry rota-
tion times were made increasingly faster. Actual com-
mercially available CT scanners have maximum gantry
rotation times of 330ms. However, high accelerations
of the rotating gantry result in considerable centrifugal
forces of up to 28 g, which have prevented the develop-
ment of even faster gantry rotation times.

The dual-source CT scanner overcomes the limita-
tions with respect to the high but limited gantry rota-
tion time by introducing a second X-ray tube and cor-
responding detector that is mounted with an offset of
90° to the rotating gantry (FLOHR et al. 2006). With this
configuration, only a quarter rotation is required (90°
plus the fan beam angle) for reconstructing cardiac CT
images resulting in a temporal resolution of 83 ms.

Another software approach to further increase
the temporal resolution of single-source CT scanners
represents the multiple-segment reconstruction algo-
rithms. The basic principle behind these algorithms is
that the scan projection data required to reconstruct an
axial slice are selected from segmental scans obtained
during sequential heart cycles at the same z-position,
opposite to the monosegment reconstruction, in which
data from only a single heartbeat is used. Usually, up
to four segments can be sampled, which results in an
increased temporal resolution by the factor of four.
HERZOG et al. (2007) has investigated the use of the
multisegment reconstruction technique of 64-slice CT
for heart rates higher than 65 bpm, and showed an im-
provement of overall image quality when compared
with the monosegment algorithm. On the other hand,
the diagnostic accuracy for the diagnosis of CAD was
not improved when compared with the monosegment
technique. The disadvantage of multisegment recon-
struction techniques is that any misregistration results
in a degradation of the image quality by introducing
blurring artifacts. Thus, its use is limited in patients with
variable heart rates and with interheartbeat variability
of the coronary artery position. Finally, the necessity
of lower pitch factors for multisegment reconstruc-
tions that prolong the data acquisition time result in an
increase in the radiation dose delivered to the patient
(FLoHR et al. 2001; WINTERSPERGER et al. 2006).

15.2.3
Reconstruction Phases

Coronary artery motion shows a biphasic pattern of
rapid movement; the maximum of motion is observed
during the ventricular contraction at early to mid-sys-
tole and during rapid filling in early diastole (ACHEN-

BACH et al. 2000, Lu et al. 2001; HUSMANN et al. 2007).
During isovolumetric relaxation at mid-diastole and
during mid- to late systole, coronary motion is relatively
quiescent. With increasing heart rates, the minimum
mid-diastolic velocity increases, while the width of the
mid-diastolic velocity trough successively decreases and
eventually disappears. At heart rates greater than ap-
proximately 80 bpm, the lowest velocities in systole are
lower than the lowest velocities in diastole.

The motion of the left anterior and left circumflex
artery follows the motion of the left ventricle; therefore,
the best reconstruction interval is in mid-diastole, at
50%-80% of the R-R interval, when the left ventricle is
relatively quiescent. In contrast, the contraction of the
right atrium is causative for the motion of the right cor-
onary artery. Thus, reconstructions are best at late sys-
tole and early diastole, at 30%-60% of the R-R interval,
representing a time interval with the right atrium be-
ing relatively free of motion. Since the diastole shortens
more than the systole with increasing heart rates, imag-
ing of the right coronary artery in late systole and early
diastole is less prone to motion artifacts when shorten-
ing of the diastole occurs.

These heart rate-dependent variations in recon-
struction phases must be taken into account when im-
plementing the technique of ECG pulsing for radiation
dose reduction. Accordingly, flexible adjustments of the
pulsing width with different heart rates are necessary.
LEscHKA et al. (2007) recently gave recommendations
concerning the narrowest time window required for
reconstructing data sets with diagnostic image qual-
ity, depending on the heart rate, in order to keep the
radiation dose as low as possible. At heart rates below
60 bpm, the ECG pulsing window should be from 60 to
70%, between 60 and 70 bpm from 60 to 80%, between
70 and 80 bpm from 55 to 80%, and at heart rates above
80 bpm from 30 to 80% of the R-R interval.

Image Quality

15.3.1
Average Heart Rate

A significant inverse correlation between average heart
rate and image quality has been observed with both
4-slice and 16-slice CT. HONG et al. (2001) found with
4-slice CT that image quality was significantly decreased
in each coronary artery, with increasing average heart
rate. HOFFMANN et al. (2005) found with 16-slice CT, a
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negative correlation between overall image quality and
the average heart rate. LESCHKA et al. (2006) found with
64-slice CT that the image quality for the left circum-
flex artery showed a weak dependence on the average
heart rate, but no correlation was found for the right
coronary, the left main coronary, and the left anterior
descending arteries, and for all coronary segments to-

Fig. 15.2a-e. Retrospectively ECG-gated
dual-source CT coronary angiography in a
67-year-old woman with tachycardia and
recurrent atypical chest pain. The mean heart
rate during scanning was 96 bpm. Curved

multiplanar reformations of the right coronary
artery (a), left anterior descending artery (b),
and the left circumflex artery (c) allowed ruling
out coronary artery disease with the noninva-
sive technique. (d, e see next page)

gether. ACHENBACH et al. (2006) were the first to report
on a series of patients who underwent dual-source CT
coronary angiography without heart rate control. The
authors showed that 98% of all coronary artery seg-
ments could be depicted with diagnostic image quality
and with no motion artifacts. Later on, JOHNSON et al.
(2006) published the data in patients undergoing dual-
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Fig. 15.2a-e. (continued) Retrospectively ECG-gated dual-
source CT coronary angiography in a 67-year-old woman with
tachycardia and recurrent atypical chest pain. The mean heart

source CT coronary angiography demonstrating the
preservation of diagnostic image quality even at higher
heart rates.

MATT et al. could show with dual-source CT that
no significant correlation was present between the aver-
age heart rate and the image quality of each coronary
artery and for the overall image quality of all coronary
segments. In this study, the entire coronary artery tree
could be visualized with diagnostic image quality in
all patients with a mean heart rate less than 65 bpm,
whereas in patients with heart rates above 65 bpm, 98%
of the coronary segments could be visualized with a di-
agnostic image quality.

These results indicate that the dependency of im-
age quality on the average heart rate decreases with
the increasing temporal resolution of the CT scanners.
Another conclusion from these studies is that until the
use of 64-slice CT for noninvasive coronary imaging,
the administration of P-receptor antagonists is advis-
able when the heart rate exceeds a certain threshold (60
or 65 bpm). With dual-source CT, heart rate control
through the use of beta-blockers is no longer required
(Fig. 15.2).

rate during scanning was 96 bpm. . The volume-rendered im-
ages (d, e) demonstrate the excellent image quality of the ex-
amination, despite a high heart rate during scanning

15.3.2
Heart Rate Variability

The variability in heart rate during scanning has been
repetitively suggested to have a negative effect on im-
age quality (HoNG et al. 2001), however, was not inves-
tigated with either 4-slice or 16-slice CT. With 64-slice
CT, increasing heart rate variability could be identified
as the major determinant of image quality degradation
for all coronary arteries and for the overall image qual-
ity of all segments (LESCHKA et al. 2006). In this study,
a two-segment reconstruction algorithm at heart rates
greater than 65 bpm was used. With dual-source CT
employing a monosegment reconstruction technique,
heart rate variability was no longer affecting the overall
image quality in any segment, the right coronary artery,
or the left anterior descending artery, but there was a
significant correlation between heart rate variability in
the left circumflex artery (MATT et al. 2007).

With intercycle variability in the heart rate, the com-
monly applied relative ECG-gated image reconstruction
technique (i.e., performing reconstructions at a certain
percentage of the R-R interval) does not generate im-
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ages in exactly corresponding cardiac phases. This is
because the different functions within one cardiac cycle
shorten or prolong non-proportionally with different
heart rates (HUSMANN et al. 2007).

Therefore, it appears that the dependency of image
quality on heart rate variability decreases with the
increasing temporal resolution of the CT scanners. But
more importantly, the study results indicate that the
use of monosegment reconstruction algorithms that
do not merge data from adjacent heartbeats in different
cardiac phases is advantageous for coronary imaging.
When using 64-slice CT for coronary imaging, heart
rate variability should be diminished through the use
of B-blockers (LEscHKA et al. 2006). With dual-source
CT, reduction of heart rate variability through the
administration of B-blockers is no longer necessary
(MATT et al. 2007).

15.3.3
Vessel Wall Calcifications

Vessel wall calcifications may deteriorate the
visualization of the coronary artery lumen through
the effect of blooming. The blooming artifact results
in an artificial obscuring of the vessel lumen, causing
an overestimation of the degree of stenosis. This
overestimation leads to false-positive findings that are
associated with a decline in the specificity and positive

predictive value of the examination. With 64-slice CT,
RAFF et al. (2005) reported a considerable decline in
diagnostic accuracy in patients with Agatston scores
>400. ONG et al. (2006) compared the accuracy of
64-slice CT coronary angiography in patients having
minimal to mild calcifications, with patients having
moderate to heavy calcifications. For patients with
minimal to mild calcifications, 93% of the segments
were considered evaluative, with high specificity of 98%
and high negative predictive value of 99%. In contrast,
in patients with moderate to heavy calcifications, the
rate of evaluative segments decreased to 87%, and
the specificity and negative predictive value were
significantly lower. Therefore, the authors concluded
that 64-slice CT can accurately detect stenosis in
coronary arteries with minimal to mild calcifications,
but becomes less reliable when the calcium score is
high.

Diagnostic Performance

Table 15.1 lists the results of recent publications that
have analyzed the diagnostic performance of

detection in patients referred for diagnostic coronary
angiography, using CT in comparison to the reference
standard modality invasive CCA.

Table 15.1. Per-segment and per-patient-based sensitivity, specificity, positive (PPV) and negative predictive value (NPV) of CT

coronary angiography as compared to CCA

64-Slice CT Number

Analysis

LESCHKA et al. 2005 Segment-based 1,005
Patient-based 67
RAFF et al. 2005 Segment-based 935
Patient-based 70
MOoLLET et al. 2005  Segment-based 725
Patient-based 51
LEBER et al. 2005 Segment-based 798
Patient-based 45

*Values are meanststandard deviations
®Agatston score <142 (68 patients)
‘Agatston Score >142 (66 patients)

Sensitivity Specificity PPV (%) NPV (%) Heart
(%) (%) rate
(bpm)*
94 97 87 99 66+15
100 100 100 100
86 95 66 98 65+10
95 90 93 93
99 95 76 100 58+7
100 92 97 100
64 97 83 93 62+13
88 85 88 85
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Table 15.1. (continued) Per-segment and per-patient-based sensitivity, specificity, positive (PPV) and negative predictive value
(NPV) of CT coronary angiography as compared to CCA

64-Slice CT Analysis Number  Sensitivity Specificity PPV (%) NPV (%)
(%) (%)

PUGLIESE et al. 2005 Segment-based 494 99 96 78 99 58+6
Patient-based 35 100 90 96 100

ONG et al., 2006 Segment-based” 748 85 98 77 99 62+9
Segment-based® 726 78 98 86 96 62+9

ScHUDF et al. 2006 Segment-based 842 85 98 82 99 6011
Patient-based 60 94 97 97 93

RoPERS et al. 2006 Segment-based 1,083 93 97 56 100 59+9
Patient-based 81 96 91 83 98

EHARA et al. 2006 Segment-based 884 90 94 89 95 72£13
Patient-based 67 98 86 98 86

NIKoLAOU et al. 2006 Segment-based 923 82 95 72 97 61+9
Patient-based 68 97 79 86 96

MEeyBooM et al. 2006 Segment-based 1,003 94 98 65 100 60+8
Patient-based 70 100 92 82 100

MUHLENBRUCH et al. 2006 Segment-based 726 87 95 75 98 70+14
Patient-based 51 98 50 94 75

SCHEFEEL et al. 2006 Segment-based 420 96 98 86 99 70+14
Patient-based 30 93 100 100 94

LEBER et al. 2007 Segment-based 1,216 90 98 81 99 73
Patient-based 88 95 90 74 99

JOHNSON et al. 2007 Segment-based 473 88 98 78 99 68
Patient-based 35 100 89 89 100

HEeuscHMID et al. 2007 Segment-based 663 96 87 61 99 65+14
Patient-based 51 97 73 90 92

LESCHKA et al. 2007 Segment-based 1,001 95 96 79 99 68+13
Patient-based 80 97 87 88 97

*Values are means+standard deviations
®Agatston score <142 (68 patients)
“Agatston Score >142 (66 patients)
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Table 15.1. (continued) Per-segment and per-patient-based sensitivity, specificity, positive (PPV) and negative predictive value
(NPV) of CT coronary angiography as compared to CCA

Dual-source CT Analysis Number  Sensitivity Specificity PPV (%) NPV (%) Heart
(%) (%) rate
(bpm)*

WEUSTINK et al. 2007 Segment-based 1498 95 95 75 99 68+11
Patient-based 100 99 87 96 95

ROPERS et al. 2007 Segment-based 1343 90 98 79 99 64+13
Patient-based 100 98 82 80 98

ALKADHI et al. 2008 Segment-based 2059 96 96 76 99 68+12
Patient-based 150 97 87 83 98

SCHEFFEL et al. 2008* Segment-based 1803 97 97 84 99 59+6
Patient-based 120 100 93 94 100

*Values are means+standard deviations
®Agatston score <142 (68 patients)
‘Agatston Score >142 (66 patients)

Fig.15.3a-c. Retrospectively ECG-gated dual-source CT coronary angiography in a 56-year-old man with recurrent
atypical chest pain and an inconclusive stress test. The mean heart rate during scanning was 68 bpm. Curved multiplanar
reformation along the centerline of theleft anterior descending artery demonstrates ahigh-grade stenosis (arrow) caused
by a noncalcified plaque (a). The volume-rendered image (b) similarly demonstrates the site of the stenosis (arrow).
(c see next page)
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Fig. 15.3a-c. (continued) Retrospectively ECG-gated dual-
source CT coronary angiography in a 56-year-old man with
recurrent atypical chest pain and an inconclusive stress test.
The mean heart rate during scanning was 68 bpm. The vol-
ume-rendered image (b) similarly demonstrates the site of the
stenosis (arrow). Invasive CCA (c) confirms the findings from
CT (arrow)

15.4.1
Diagnostic Performance
of 16-Slice and 64-Slice CT

In a recently published meta-analysis (HAMON et al.
2007), the pooled diagnostic performance for the detec-
tion of significant stenoses of the coronary artery tree
improved with 64-slice CT when compared with 16-slice
CT. This was the case with regard to the sensitivity on a
per-segment based analysis. The highest improvement
with 64-slice CT when compared with 16-slice CT was
the significant increase in specificity from 69 to 90%
and the increase in the positive predictive value from
79 to 93%. Thus, 64-slice CT performs more accurately
as compared with 16-slice CT in the determination of
healthy individuals.

Furthermore, the rate of nondiagnostic or excluded
segments decreased with 64-slice CT as compared with
16-slice CT, potentially reducing the need for conven-
tional catheter angiography, due to an improved spatial
resolution and shorter acquisition times. In conclusion,
64-slice CT provides—when compared with 16-slice

CT—an increased clinical feasibility with fewer non-
evaluable coronary artery segments and leads to a sig-
nificant increase in specificity and positive predictive
value (HAMON et al. 2007).

15.4.2
Diagnostic Performance of Dual-Source CT

ScCHEFFEL et al. (2006) demonstrated a high diagnostic
performance for the diagnosis of CAD with dual-source
CT as compared with CCA (Fig. 15.3). The authors in-
cluded a patient population with extensive calcifications
and in whom no heart rate control using B-blocker
medication prior to CT was performed. One of the
most important results of that study was that high di-
agnostic performance could be maintained even in the
subgroup of patients with a heart rate of greater than 70
bpm. Nondiagnostic segments were present in 1.4% of
the segments and were most frequently due to exten-
sive calcifications rather than to motion. Another im-
portant study finding was that the diagnostic accuracy
was even high in the subgroup of patients having a high
calcium burden, with an Agatston score of more than
400. Considering the spatial resolution of dual-source
CT is the same as that of the foregoing single-source
64-slice CT scanner, this reduction in coronary calcifi-
cation dependency indicates that the blooming artifact
is often superimposed by additional motion artifacts,
which can now be minimized with the higher temporal
resolution of the dual-source CT scanner. These results
could be confirmed in several subsequent studies inves-
tigating larger patient populations (LEBER et al. 2007,
HeuscHMID et al. 2007, JOHNSON et al. 2007 ; LESCHKA
etal. 2007, WEUSTINK et al. 2007, ROPERS et al. 2007,
ALKADHI et al. 2008). Importantly, heart-rate reduc-
tion through the administration of B-blockers prior to
CT was not used in any of these studies. Finally, high
diagnostic performance could also be demonstrated for
low-dose cardiac CT in the step-and-shoot mode in pa-
tients with regular heart rates up to 70 bpm (SCHEFFEL
et al. 2008).

Conclusion

High temporal resolution in combination with high
isotropic spatial resolution of 64-slice single- and dual-
source CT enables robust coronary imaging. This is
paralleled by an excellent diagnostic performance of the
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noninvasive technique. Patients with a low to interme-
diate likelihood of CAD and having equivocal findings
at ECG or stress tests are the optimal candidates to un-
dergo noninvasive coronary imaging with CT.
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ABSTRACT

The current evolution of CT is driven by cardiac
imaging. Reliable and robust diagnostic perfor-
mance for this application is crucially dependent
on temporal resolution. Very different approaches
are taken by the major vendors. Rotational time
is unanimously accelerated and has currently ar-
rived at 270 msec per rotation, but today’s scan-
ners barely meet the requirement of 65 msec per
image at higher heart rates.

Another industry focus relates to the detector with
more and more rows added. A complete cardiac
dataset can nowadays be acquired in less than 6 sec
with detector sizes >8 cm in z-direction. This ren-
ders the method less susceptible to arrhythmia and
heart rate variations. The best, currently available,
solution operates at a detector size of 16 cm cover-
ing the heart at a single rotation, albeit compro-
mising on temporal resolution.

The technical evolution has also realized that dose
exposure needs to be decreased substantially for a
widespread application. This has culminated in a
trend away from spiral acquisitions to prospective
axial rotations. This allows to reduce dose expo-
sure by as much as 80%.

Provided that the current speed of technical im-
provements will persist it is foreseeable that most
invasive angiograms will be replaced in the up-
coming years. CT equipped with future detector
technology has the potential to become the prime
imaging modality for cardiovascular medicine.

M.H.K. HoFFMANN, MD
Klinik fiir Diagnostische und Interventionelle Radiologie,
Unikliniken Ulm, Steinhoevelstrasse 9, 89075 Ulm, Germany
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Basic Rationale

The state of the art of CT is constantly improving. To-
day, new scanner generations with improved technol-
ogy are being introduced every 1-2 years, a pace that is
foreseeably persisting, if not accelerating. The current
driving force behind this rapid evolution of technology
is CAD, the number one disease entity with the high-
est ranking incidence and mortality. CT-based coronary
angiography has emerged as a reliable, noninvasive test
to rule out CAD in symptomatic patients (DE FEYTER
et al. 2007). The method is still associated with major
limitations, but has been met with great enthusiasm,
and its use worldwide is increasing rapidly. MDCT for
noninvasive coronary angiography is appealing because
it has the potential to replace invasive coronary angio-
graphy and could become a cornerstone diagnostic tool
for clinical decision-making.

Before MDCT coronary angiography can become
a reliable alternative to invasive coronary angiography,
however, several problems must be resolved. The most
important obstacle to the use of MDCT coronary
angiography (MDCT-CA) is severe coronary
calcification, which either prevents assessment of the
integrity of the underlying coronary lumen or, because
of its “blooming” effect, leads to overestimation of
coronary stenosis severity. The same holds true for
in-stent imaging with blooming artifacts even more
pronounced around dense metallic structures such as
stent struts.

In addition, the presence of arrhythmias or unstable
sinus rhythm precludes the use of MDCT-CA, because
the technique requires data to be obtained from the
same phase of several cardiac cycles (6-10 heartbeats)
for the reconstruction of coronary images.

A third concern is the fact that MDCT-CA is as-
sociated with relatively high X-ray radiation exposure
(15-20mSv; EARLS et al. 2008; Krass et al. 2008). Sub-
stantial reductions are mandatory before a widespread
use can be safely advocated.

Finally, improvement in temporal resolution to
less than 50ms (currently 83-135ms with newest CT
scanners) to reduce motion artifacts is desirable, but
extremely difficult to achieve because such an improve-
ment requires peak tube output power not available
with current technology.

The aforementioned shows that substantial further
improvements are required before MDCT-CA may
compete for the standard of reference in CAD imaging,
replacing 2D coronary angiography based upon cath-

eterization techniques. Correction of these limitations
will require a substantial amount of time, effort, and
technical innovation.

Today's State of the Art and Its Limitations

A prerequisite to understand the current evolution of
technology designed for cardiac CT is the knowledge of
its current limitations in lieu of the multifaceted pos-
sibilities. This chapter therefore focuses on four typical
applications for cardiac CT: (1) initial diagnostic workup
of suspected CAD (confined to a low to intermediate
pretest likelihood group to rule out disease), (2) follow-
up of patients after coronary artery bypass graft (CABG)
procedures to assess graft patency, (3) valve imaging (a
new application made possible by constantly improving
temporal resolution), and (4) the strongholds of cardiac
CT to visualize the proximal parts of the coronary tree
to identify anomalies or other infrequent entities.

16.2.1
Rule-Out CAD

MDCT-CA is currently considered to be a useful tech-
nique to rule out the presence of clinically significant
CAD (stenosis with >50% diameter obstruction) only
in symptomatic patients who are at intermediate pretest
risk of CAD (MEe1jBooM et al. 2007). A normal coro-
nary CT scan in symptomatic patients reliably rules out
clinically significant CAD; these patients do not require
further diagnostic procedures and can be safely dis-
charged. These statements are deducted from a persis-
tently high negative predictive value shown in multiple
single-center and a few multicenter comparison trials
referencing CT findings systematically to catheteriza-
tion angiography (Hamon et al. 2006). In addition
to that first prospective, outcome studies confirm the
strong prognostic value of a CT scan negative for dis-
ease (PUGLIESE et al. 2006; GILARD et al. 2007).

The widespread application suffers from improving
but still insufficient temporal resolution. Most research-
ers therefore agree that a reduction in heart rate to
lengthen the rest phase of the coronary tree is needed,
even using the latest editions of scanner technology.

The novice user may wonder why such a limited
indication scenario is constructed for noninvasive CT
coronary angiography. An unrestricted indication of
the method is limited by low spatial resolution. Exact
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delineation of densely calcified or metallic structures
is gradually improved by technological advances but
persistently inaccurate. MDCT-CA oversizes the calci-
fied plaque or the metallic stent strut. This artificially
reduces the size of the adjacent contrast filled lumen.
False-positive findings are therefore produced, resulting
in a low positive predictive value.

The algorithm applied in most institutions today
is therefore utilizing CT in a gate-keeping function
(HoFEMANN et al. 2005). A negative finding safely ex-
cludes the patient from further workup. A positive find-
ing is used to transfer the patient either to functional
diagnostic procedures to test for perfusion defects or to
transfer the patient to catheterization angiography.

Very low-risk patients are not good candidates for
CT imaging due to the risk of contrast and radiation ex-
posure. Cardiac CT imaging based on the current stan-
dard of retrospective helical acquisitions is associated
with a radiation dose exposure of 15mSv (three times
the average exposure rate of conventional catheteriza-
tion angiography), precluding use of the method for
asymptomatic patients.

The application of the method for symptomatic pa-
tients with a high pretest probability is not indicated
for two reasons. A patient with an acute coronary syn-
drome should be taken to the catheterization laboratory
directly in order to offer a timely and direct possibility
of transluminal interventions. But for patient with sta-
ble angina and high probability, increasing evidence in-
dicates that transluminal intervention does not reduce
the rate of future cardiac events in comparison to medi-
cal therapy. This has fueled a quest for a noninvasive
accurate luminogram to stratify differential therapy op-
tions. The demand could be served by CT if the above-
outlined restrictions could be overcome.

16.2.2
Post-CABG Follow-Up

Patients after CABG may suffer either from acute and
early or chronic and late occlusion of bypass grafts. The
graft vessels are subjected to less motion during the car-
diac cycle than is the coronary tree proper. This allows vi-
sualizing of the graft pedicles even at high heart rates. On
average, catheterization procedures have to administer a
lot more contrast volume to visualize all coronary bypass
grafts compared with CT. This constitutes a good indica-
tion for cardiac CT imaging (MARANO et al. 2007).

But the clinical utility of post-CABG CT imaging
could be substantially augmented if the distal anasto-
mosis and the target vessel could be reliably assessed.

Along the evolution of technology from 4 to the 64
detector rows, much progress is achieved in terms of
reliable access to the distal anastomosis. The proximal
vessels though are usually vastly calcified. This consti-
tutes a shortcoming for accurate luminal evaluation, but
is perceived by some cardiac surgeons as a benefit al-
lowing identification of suitable target vessels prior to
surgery (SIMON et al. 2007).

16.2.3
Valve Imaging

The rapidly improving temporal resolution provided by
recent scanner generations has rendered functional im-
aging along the cardiac cycle feasible. CT is certainly not
the first-line modality for global ventricular function
assessments but may serve as a good second-line option
for patients with pacemakers and intracardial defibrilla-
tors (ORAKZALI et al. 2006). Global left ventricular (LV)
functional parameters measured with MDCT have been
found to be in good agreement with results of cine MRI
(BELGE et al. 2006; JUERGENS et al. 2008).

Aortic valve evaluations may utilize both increasing
temporal resolution and the susceptibility for calcified
structures inherent to CT imaging. Studies have shown
very promising results to measure the aortic valve area
(POULEUR et al. 2007). The comparison of results gen-
erated with CT was highly correlated with MR and
transesophageal echocardiogram (TEE)-derived direct
planimetry of aortic valve area. Amazingly, CT imaging
of valves can be done with relatively low temporal reso-
lution (200ms in the study of POULEUR et al. [2007]).
The average duration of a systolic contraction is 300 ms,
which compares unfavorably to the 200ms generated
by CT at a low rotational speed of 400 ms. But the time
during which the aortic valve remains fully open aver-
ages 297+40 ms. This is within the range of the tempo-
ral resolution of most MDCT scanners used for cardiac
imaging today. The issue for valve imaging in contrast
to global ventricular assessments is not to capture the
right heart phase but to minimize residual motion blur-
ring the accurate delineation of the aortic valve leaflet.
The pathologic condition of aortic stenosis with sub-
stantially reduced valve leaflet motion works in favor of
MDCT at this end.

Transcutaneous aortic valve replacements emerge as
a bail-out option for nonsurgical candidates. The pro-
cedure is based on a stent mounted bioprosthetic valve
that unfolds in aortic position after balloon valvulo-
plasty. One of the risks associated with this procedure
is to push calcified patches located on the native valve
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leaflets into coronary flow, obstructing positions in the
sinuses of Valsalva. Therefore, most of the researchers
involved in trans-cutaneous valve procedures deem a
cardiac CT mandatory for the selection of patients.

16.2.4
Coronary Anomalies
and the Coronary Ostium

Catheterization angiography relies on the proximal in-
sertion of a catheter tip into the ostium of the proxi-
mal coronary artery. Contrast agents are then injected
directly via this catheter. This constitutes a limitation
readily apparent in clinical routine for the detection of
ostial left main disease. Most of the cases are identified
indirectly either by a steep pressure drop measured dur-
ing the insertion process, indicating occlusive size of the
catheter in relation to the stenosed ostium, or by a miss-
ing back-flush of contrast medium into the aortic root,
prevented by surrounded plaque material encroaching
upon the lumen size. These restrictions do not apply for
CT imaging and are therefore regarded as a stronghold
of the method in clinical routine.

The predominance of coronary anomalies is com-
posed of abnormal branching patterns of the proximal
segments. CT is therefore used in many instances of sus-
pected coronary anomalies after catheterization angio-
graphy to verify or supplement suspected findings. The
supplemental function includes visualizing abnormal
branches that could either not be reached by the cath-
eter tip during the catheterization procedure or were
not at all detected. For this application, CT offers the
only way to assess the peripheral parts of that particular
branch. Hence, all the restrictions apply as mentioned
in the section on initial CAD workup.

Another indication for CT after catheterization an-
giography that is requested with increasing frequency is
the delineation of occluded segments. The 2D projec-
tions generated in the catheterization laboratory (cath
lab) are prone to so-called foreshortening effects. At
certain projections, the segment of interest may be arti-
ficially shortened and partially not visualized at all. This
effect holds the risk of false-negative findings. The ef-
fect is well known, and the propensity of false-negative
findings produced by 2D angiography films has been
shown in comparison to intravascular ultrasound stud-
ies (TopoLr and NISSEN 1995).

The clinical utility generated for coronary CT in re-
lation to the foreshortening effect is twofold. CT data-
sets are used in the cath lab for navigation of the C-arm
to produce angulations with minimal foreshortening

ratios. Planned recanalization of chronically occluded
segments is one application utilizing CT for naviga-
tion purposes. Another clinical scenario utilizing the
same algorithm is the verification of positive CT find-
ings in the cath lab. Interventionalists familiar with CT
imaging acquire nonstandard angulations in order to
prevent foreshortening to produce false-negative 2D
projections.

Extrapolation
of the Continuous Evolutionary Process

The evolution in CT technology over nearly two decades
has been impressive. Single-slice helical CT was intro-
duced in 1989. It was another 10 years before 4-slice CT
was introduced. After that, it took only 3 years until the
release of 16-slice CT, and another 2 years until the re-
lease of 64-slice CT. The next step was dual-source CT,
which was introduced only 1 year after 64 detector rows
became commercially available. Today, we experience a
new situation with the community of vendors providing
a diversity of different approaches. CT scanners with
a dedicated cardiac functionality of 2008 have a band-
width of detector sizes ranging from 2 cm (32 detector
rows) up to 16 cm (320 detector rows) and range from a
rotational speed of 350 ms to 270 ms.

In the era of 4-detector row CT, cardiac applications
were at a level of proof-of-concept, with very few cen-
ters involved. Although a very high interest was noted,
artifacts and other pitfalls caused significant problems
in the majority of patients. Sixteen-detector-row scan-
ners were the first to introduce the method and reveal
the clinical potential. Still, most clinical studies were
published by investigators from just a few selected in-
stitutions. Multicenter data available for 16-detector-
row-based coronary angiography show a substantially
compromised robustness that limits clinical utility to a
selected range of patients (GARCIA et al. 2006).

Sixty-four detector row scanners made cardiac CT
a viable clinical tool for medical practice around the
world. Clinical comparison studies referenced against
catheterization-based coronary angiography report
persistently high levels of sensitivity and specificity. A
limited application for the initial workup of CAD was
defined according to the persistently high negative
predictive value. But restrictions still apply, namely a
substantial amount of segments of the coronary tree
still rendered with residual motion or blooming arti-
facts and hence, compromised diagnostic image quality.
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Another persistent restriction is identifiable in most
of the exclusion criteria for major cardiac CT studies:
heart rate variations and arrhythmia cannot be toler-
ated by current technology. This is due to the helical
acquisition with a detector width small compared with
the z-axis length of the organ of interest (typical length
of the heart is 12-15 c¢m). The final dataset is composed
of acquisitions conducted over multiple heartbeats. But
not a single beat is like the other, with myriad of physi-
ologic regulatory mechanisms constantly fine-tuning
the strength and length of a cardiac cycle. The current
evolution of CT technology for cardiac applications
is therefore concentrated on increasing the temporal
resolution to reduce motion artifacts and to acquire
the dataset from a single heartbeat in order to reduce
inhomogeneities induced by multiple heart beats.

16.3.1
The Benefit of More Detector Rows

The benefit of very large detectors is easily deductable
from the aforementioned. A detector covering the full
z-axis width of the heart would allow capturing the
morphologic coronary angiogram from a single car-
diac cycle. Functional datasets could be obtained either
from very few successive or just only one heartbeat. This
would render both morphologic and functional imaging
much less susceptible for artifacts induced by arrhythmic
contractions. The clinical potential of such a scanner is
huge, provided sufficient spatial and temporal resolution
is granted. The technological restraints preventing such a
machine today are centered on the X-ray-emitting tube.
A 16-cm detector rotating with a speed of more than
300ms per rotation requires an extremely high peak
tube output in order to acquire noiseless images. Cur-
rent “large-area” detector models have therefore been re-
stricted in terms of rotational speed at 350 ms. Very high
rotational speed for cardiac CT is up to now only achiev-
able at a maximum detector width of 8 cm.

Another major benefit of large area detectors is the
acquisition of images in axial mode rather than in heli-
cal fashion; this is much more dose efficient. This ben-
efit is available utilizing much smaller detector width in
a stepping fashion as outlined in Sect. 16.5.2.

16.3.2
How Much Temporal Resolution Do We Need?

One of the most important questions for the daily prac-
tice of cardiac CT is how much temporal resolution is

required for robust imaging at any arbitrary heart rate.
Very few studies are available to address this issue. Most
of the available literature is focused on MRI-based
coronary morphologic imaging. WANG et al. (1999)
have measured the length of the coronary rest period,
using biplane conventional angiography with a high
frame rate. The shortest rest period was found both for
the left and right coronary artery at higher heart rates
was 66ms. Jahnke et al. in a similar study conducted
in 2006 found the rest period to be as short as 20 ms
for the right coronary artery (RCA) and 48 ms for the
left coronary artery (LCA). Probably the most intrigu-
ing finding of both studies is the high patient-to-patient
variability and low linear correlation of duration of rest
period and heart rate. Different conclusions for MR and
CT imaging have to be drawn from these data. Whereas
in a larger patient population the duration of the rest
period does not well correlate with absolute heart rate,
the individual patient’s rest period does significantly
lengthen with the lowering of heart rate induced by the
application of p-blockers.

This finding explains why the CT scanners used to-
day with inadequate temporal resolution achieve rea-
sonable results in some patients with higher heart rates.
Some patients with high heart rates render sufficiently
long rest periods to accomplish motion artifact-free
images. For the robust and reliable acquisition, much
higher temporal resolutions are required than are avail-
able on today’s platforms.

Averaging the results of the relevant literature, it may
be postulated that the required temporal resolution for
reliable cardiac imaging is in the range of 65 ms (WANG
et al. 1999; SHECHTER et al. 2005; JAHNKE et al. 2006).
The amount of residual motion allowed within this rest
period is in the range of 1mm; lower thresholds re-
quire much more temporal resolution. This is so far not
achieved by any available CT scanner platform, with the
most efficient available technology acquiring a complete
dataset in a temporal window of 83 ms. It is therefore
foreseeable that even with the latest technology, reli-
able coronary imaging results will only be achieved with
lengthening of rest periods induced by medications (as,
e.g., B-blockers or Procoralan) that lower the heart rate.

The High-Density Dilemma

The sensitivity of cardiac CT for the attenuation of
material with high Z-numbers allows the detection of
calcium even on a noncontrasted scan acquisition. This
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Fig. 16.1a-c. Illustration of the partial volume-averaging
artifact. a Simulated cross-section of a coronary artery with
a calcified plaque. The dense plaque structure shows posi-
tive remodeling (outbound growth pattern). The lumen is
not significantly narrowed. The coronary artery lumen is
filled with a high concentration of iodine (350 HU). b The
grid represents the maximum voxel size available for CT im-
aging (e.g., 0.4-mm voxel length). ¢ All voxels that partially
contain high-density calcium are registered as high-density
objects for image reconstruction. The calcified plaque is
represented with artificial enlargement and a stair-stepping
artifact on the CT image (smoothed later on by filtering)
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principle founds the basis for calcium scoring. Con-
trast-enhanced scanning conducted for the purpose of
noninvasive coronary angiography, on the other hand,
suffers substantially from the artifacts induced by both
metallic stent struts and densely calcified plaques. It is
readily apparent in the schematic drawing of Fig. 16.1
that the blooming artifact induced by all high-atten-
uation objects is due to partial volume averaging. The
phenomenon is well defined for conventional CT imag-
ing, and alleviation of the shortcoming has been proven
by an increase in spatial resolution (Fig. 16.2). But a
substantial increase in spatial resolution requires expo-
nentially increasing radiation dose exposure in order
to keep image noise at a constant level (PrRoxop 2003).
This precludes conventional CT technology to achieve a
solution for low-dose diagnostic CT angiography.

One option for the accurate delineation of the vessel
lumen versus the calcified plaque would be to evaluate
images at a higher window center setting. A prerequi-
site to achieve this is to fill the vessel lumen with higher
amounts of iodine. The Hounsfield-unit density of the
vascular lumen should be close to the window center in
order to accomplish accurate border definition. In other
words, the contrast density within the coronary vessel
lumen should be increased. The clinical benefit of this
principle has been shown for the detection of hemody-
namically significant stenoses in the epicardial vessels
(CADEMARTIRI et al. 2006a,b). But various researchers

Fig. 16.2a,b. In-stent lumen imaging. a Imaging of a stent
phantom acquired on a conventional 16-detector-row scanner
with a voxel size of 1 mm. A conventional cobalt-chromium
alloy bare metal stent (Multi-Link Vision Rx Coronary Stent
System, Boston Scientific, Gatwick, Mass.) with thin struts
(0.08 mm) is used. b The same stent as in a is visualized with a
fourfold-better spatial resolution (voxel size of 0.25 mm), uti-
lizing a flat-panel detector. (Modified according to MAHNKEN
et al. 2005)

have questioned the potential of this approach (BECKER
et al. 2003) and recommend an intraluminal contrast
attenuation value of 250 HU should not be exceeded.

A soft plaque at the initial stage of calcification may
have an overall density of less than 400 HU. Should we
now fill the vascular lumen with more than 400 HU of
iodine contrast, some of the calcified structures adja-
cent to the lumen might be obscured and undiscernible
from lumen territory on cross-sectional cuts (Fig. 16.3).
This may potentially result in false-negative findings on
coronary angiograms, which would constitute a worst-
case scenario for the current clinical application of the
modality.

Fortunately, the typical atherosclerotic lesion ini-
tially calcifies in the outer plaque layers (Figs. 16.3d,
16.4). The low-density calcification is separated from
the lumen by a soft tissue layer, with low attenuation
values. The soft tissue layer vanishes with progression
of plaque calcification, and the calcification sits right
on top of the lumen. But at this stage of disease pro-
gression, the density of the calcification almost invari-
ably attenuates at much higher values than those of the
contrasted lumen (Fig. 16.3b). The accuracy of stenosis
detection is therefore maintained even at high iodine
concentrations equivalent to low-density calcifications
on the majority of coronary angiograms. The aforemen-
tioned statement is deducted from clinical practice and
awaits vigorous scientific testing.
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Fig. 16.3a-d. Hypothetical density of lumen versus plaque
on representative cross-sections. a The coronary lumen (filled
with an iodine contrast agent at 400 HU) is surrounded by soft
plaque and epicardial fat. The problem zone in this situation
is the delineation of soft plaque versus epicardial fat. b Part
of the soft plaque structures are densely calcified. The calci-
fied plaque with a density of 700 HU is oversized due to par-
tial volume averaging, but delineation against the lumen is not
compromised by contrast issues. ¢ For a hypothetical plaque
structure at an initial stage of calcification (Hounsfield units

40-91 HU
Soft Plaque

Epicardial Fat

40-91 HU
Soft Plaque

Epicardial Fat

equivalent to lumen at 400 HU) a false-negative detection en-
sues. The plaque and lumen structures cannot be separated due
to equivalent density. This relation triggered the postulation
that lumen opacification should not be higher than 250 HU.
d Initial plaque calcifications in clinical practice tend to oc-
cur in the outer layers of the plaque structure. The calcification
with a density equivalent to the lumen is separated from the lu-
men by an interposition of soft plaque components. This allows
safe identification and hence prevents false-negative readings
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Fig. 16.4a-f. Cross-sections of a mixed plaque on a 64-detector-row scanner. a 3D Global view in left ante-
rior oblique projection shows a mixed plaque located on the left anterior descending artery (LAD). Enlarged
successive cross-sections (b-f) represent different parts of the plaque structure. b Soft components are barely
contrasted against the surrounding epicardial fat. ¢ and d Low-density calcifications (thick arrow) appear at
the outer medial or advential layers of the plaque structure and are separated from the lumen (same density
as plaque calcification) by a layer of soft plaque components. This prevents false-negative readings as outlined
in Fig. 16.3. e, f Densely calcified plaque components (thin arrow) are readily apparent as bright structures

on the cross-sections

In other words, the above-constructed potential
for false-negative readings lingers within the concept
of high-attenuation contrast application and cannot be
satisfactorily solved by conventional CT technology. A
potential solution for the dilemma may be offered by
spectral CT utilizing the additional information con-
tained in the spectrum of X-ray photons emitted by
regular tube designs.

16.4.1
Basic Principle of Spectral CT

The energy source used for conventional X-ray CT im-
aging is operating based on the bremsstrahlung princi-
ple. A continuous spectrum of X-ray photons is emitted
and filtered before exposure of the scanned object. After
passage through tissue, the energy spectrum of a poly-
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Fig. 16.5a-c. Conventional CT Imaging of a mathematical chest phantom. a The simulated phantom is
composed of rib structures, sternum, and spine. The cardiac structures are represented by a left ventricle

(bright elliptical structure) and a right ventricle (low-density elliptical structure) and a semicircular coro-

nary artery. The coronary artery wall is homogenously calcified (white bands on enlarged inset b). The total

diameter of the coronary artery amounts to 3 mm with a residual lumen of 1.5 mm, surrounded by calcified
plaque (enlarged diagram on the left). The coronary artery lumen is contrasted with a contrast agent at a
regular clinical density (250 HU). ¢ Conventional CT imaging of the enlarged region as represented in b will
not be able to discriminate the calcified plaque components from the contrasted lumen

chromatic beam of X-rays contains valuable information
about the elemental composition of the absorber. Con-
ventional X-ray systems or X-ray CT systems, equipped
with scintillator detectors, operate in integrating mode.
They are largely insensitive to the spectral information
contained in different X-ray photons, since the detector

output is proportional to the energy fluence integrated
over the whole spectrum (Fig. 16.5).

One first approach to utilize the information con-
tained in the polychromatic beam is to measure two dif-
ferent energy levels separately. This can be achieved with
either tube voltage switching or layered detectors (as
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described in detail in Chap. 4) (Carwmt et al. 2005). The
method has great potential for material separation in the
high-density domain, and first clinical results are very
encouraging (JOHNSON et al. 2007). But the application
for cardiac purposes is thus far limited by the phase shift
inherent in most approaches or hampered by ineflicient
dose utilization. Another far more sophisticated ap-
proach exploiting the full potential of energy-dependent
imaging is spectral CT (RoEssL and PrRoksa 2007).

The method is based on so-called photon-counting
detectors. Spectral CT is designed to detect K-edge
discontinuities. K-edges occur in the element-specific
photoelectric cross-section. X-ray photons are counted
by the detector and sorted in energy bins representing
preselected partial bandwidths of the full spectrum.
Material differentiation in the high-density domain is
fully accomplished by this approach. In order to apply
this method for routine clinical imaging, completely
different detector technology has to be developed.
Today’s technology provides only low count rates for
spectral detectors and it is therefore not realistic to
predict clinically usable products within the next 5
years.

16.4.2
The Unobscured 3D Luminogram

To achieve a perfect noninvasive 3D luminogram of
the coronary tree, we would need a visualization un-
obscured by high-density overlay (as, e.g., calcium or
metal). This may either be achieved by the material
separation approaches described for dual energy im-
aging (see Chap. 4 for details) or be accomplished by
acquiring contrast-only images. Spectral imaging may
be adapted to acquire several images below and above
specific K-edges (Fig. 16.6). Subsequent subtraction (or
more mathematically correct de-convolution) of images
around the K-edge removes all tissue from the data-
set except for the element characterized by the K-edge
(Fig. 16.6). This allows generating contrast-only images
for compounds with high Z-numbers. Iodine with a
K-edge at 33.2 keV is not suited for such an endeavor.
The vast majority of X-ray photons at this energy level
are completely absorbed within the human body struc-
ture. This renders detection of residual photons on the
detector side impossible and only contributes to artifacts
as beam hardening and photon starvation. Gadolinium,
though originally designed for MRI imaging, is well vi-
sualized by conventional CT and exhibits better attenu-
ation characteristics than iodine. It is not widely used
clinically because concentrations much higher than
those routinely applied for MRI imaging would not be

needed. Gadolinium is much better suited for spectral
CT, with a K-edge discontinuity occurring at 50.2 keV.
This is both well inside the energy regime relevant for
medical imaging and is sufficiently high enough to ren-
der the thorax penetrable for the majority of emitted
photons. Other agents that may be considered in the
future include gold (K-edge = 80.7 keV) and bismuth
(K-edge = 90.8 keV).

The deconvolution (or simply subtraction) of images
adjacent to the K-edge of the contrast agent of interest
allows visualization the lumen, without any overly. This
concept has first been shown in simulation studies and
subsequently been realized on a prototype scanner. First
clinical proof-of-concept papers have shown the feasi-
bility to separate gadolinium from stent struts and cal-
cium in phantom studies (FEUERLEIN et al. 2008).

The generated images reveal a lot of image noise so
far (Fig. 16.7). This is due to a limited count rate of the
photon-counting detectors, but further technical im-
provements to address this issue are expected. It may
be possible in the near term future to combine higher
count rate detectors, with a miniaturization that allows
producing a very small and efficient detector elements,
allowing image acquisition at dose exposure levels com-
parable to conventional CT. The individual detector
element would be smaller than the voxel size recon-
structed for medical imaging. With such an approach,
beam hardening is no longer an issue. Partial volume
averaging on the other hand prevails, but correction al-
gorithms may utilize the very small individual detector
element used for spectral detectors.

Spectral CT could therefore have a major impact
on the clinical value of CT coronary angiography.
Without beam hardening artifacts, in-stent lumens
become accessible and with partial volume averaging,
reduced both vessel lumens adjacent to stent struts and
densely calcified plaques are more accurately delin-
eated (FEUERLEIN et al. 2008). Overall, two new appli-
cation scenarios could be feasible: one is the follow-up
of patients after percutaneous coronary interventions
with stent implantation; the other is the evaluation of
patients with known CAD or calcified vessels. Spectral
detector technology may promote CT to become the
primary tool for CAD imaging (RoEessL and PRoxsa
2007; FEUERLEIN et al. 2008).

16.4.3
Potential for Plaque Imaging

Conventional integrating CT offers a first step in plaque
component visualization and differentiation. Many stud-
ies have been published to establish density thresholds
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Fig. 16.7a-d. Representative coronary angiogram with PGA.
a, b 3D Global views at different projection angles. No disease
is apparent in the left and right coronary arteries. Volume ren-
derings of the same dataset with coronary tree isolation (c) and

for the differentiation of calcified, fibrous, and lipidic
plaque components. But the discrimination of lipid and
fibrous components failed, and in clinical practice only
two components are reported, calcified and soft. Ini-
tially, one study was published that blamed partial vol-
ume averaging due to insufficient spatial resolution to
be responsible for the failure of soft component differen-
tiation (CADEMARTIRI et al. 2005). But today, evidence

surrounding cardiac structures (d). The dataset was acquired

with prospectively gated axial acquisition at a total dose expo-
sure of 3.5mSv

accumulates that the soft plaque components represent
the active plaque structures. The soft structures are vas-
cularized and a rapid wash-in of contrast is thought
supplied by advential vasa vasorum (HALLIBURTON
et al. 2006). This explains why a contrast-enhancement-
based approach is predisposed to fail.

In this context, spectral CT could theoretically offer
differentiation tools for lipid and fibrous components.
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Fat-containing structures were found to increase in at-
tenuation with increasing photon energy; this is oppos-
ing to higher density structures as, e.g., iodine contrast.
However, a proof-of-concept for the differentiation of
lipid versus fibrous tissue is still lacking.

The more relevant potential of spectral CT technol-
ogy for the application of plaque imaging is contrast
associated. Future applications may utilize two simul-
taneously injected contrast agents. One with a K-edge
of, e.g., 50keV (like gadolinium) is used for luminal
opacification, the other with a K-edge of 90 keV (e.g.,
bismuth) is coupled to a receptor avidly binding to the
endothelial surface of a vulnerable plaque. Both contrast
agents would be apparent on different deconvolution
images of the same dataset and could be secondarily
superimposed using colored overlay as available for
PET-CT postprocessing. The sensitivity of the plaque
specific contrast compound will be a couple of orders
lower than PET sensitivity. But ease of use and availabil-
ity may allow a more widespread clinical application at
a lower dose exposure.

Dose Exposure

Since the advent of noninvasive coronary angiography
utilizing CT, the clinical value of the modality has al-
most never been questioned. Criticism has concen-
trated on the very high dose exposure of CT imaging
per se (BRENNER and HaLL 2007) and cardiac CT im-
aging especially (EINSTEIN et al. 2007). As allude to
in Sect. 16.4, the currently achieved spatial resolution
of modern MDCT scanners is high, but it is not high
enough for the imaging of small structures like the dis-
tal branches of the epicardial vessels. Noninvasive coro-
nary angiography could easily utilize a lot more spatial
resolution for in-stent lumen imaging and accurate de-
lineation of calcified plaque structures.

In order to quantify dose exposure for the individual
patient, most scanner consoles offer an estimated value
prior to the initiation of the scan and after completion
present an accumulated value for the examination. Val-
ues used on scanner consoles are not displayed in famil-
iar effective dose values but rather encrypted in a dose
length product (DLP). But the DLP value can easily be
converted to familiar effective dose values by simple
multiplication with a k factor. The k factor used to esti-
mate the effective dose in cardiac CT is that used for the
chest CT, 0.017 mSv/mGy-cm (BONGARTZ et al. 1999).
Other k factors apply to different body regions.

16.5.1
Retrospective Helical Acquisition

Retrospective gating without any “dose saving” mea-
sures is not ideally suited for cardiac imaging. This is
simply due to the fact that cardiac imaging requires
phase or cardiac cycle correlation. If phase correlation
is coupled with another cyclic process like the rotation
of the scanner gantry, then one cyclic process has to
wait for the other. In other words, helical CT imaging
with ECG registration has to guarantee that the rotat-
ing CT gantry will capture at least one complete car-
diac cycle at any given z-axis position. This results in
a tremendous reduction of the acquisition speed or a
very low pitch setting. Without any tube current modu-
lation or other measures to reduce the dose exposure,
this would result in a huge amount of redundant tissue
exposure. Only a fraction of this dataset (centered on
the phase of interest) is subsequently used for image
reconstruction.

16.5.2
Prospective Axial Acquisition

Prospective axial acquisitions have been completely
replaced by spiral or helical acquisitions for most of
the CT applications. In the era of single row detectors,
this has been the only way to rapidly obtain larger z-
axis coverage. For larger detectors (e.g., beyond 4 cm,
with at least 64 detector rows,) this restriction does
no longer apply. The stacked axial acquisition of a de-
fined volume length as the heart can be done in four
to five steps in most cases. This amounts to a total of
8-10 cardiac cycles with every other cardiac cycle used
for gantry propagation along the z-axis (Fig. 16.8). This
approach is far more dose efficient than is the above-
described retrospectively gated helical acquisition. It is
furthermore much less affected by ectopic premature
beats than the continuously propagated helical scan is
(Fig. 16.9). The prospectively gated axial (PGA) scan
can be stopped on the spot to wait for the preventricular
contraction (PVC) to pass and commence only at the
reinitiating of regular sinus rhythm (Krass et al. 2008).
The continuous helical scan can only be truncated by
the cycles located around the premature beat in a pro-
cess called ECG editing. For cases with extensive occur-
rence of PVC, this may easily result in z-banding due to
insuflicient datasets for complete reconstructions.

In summary, a prospectively acquired scan with a large
detector versus a regular helical acquisition with retro-
spective gating reduces the dose exposure by a factor
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Fig. 16.8a,b. Helical versus axial acquisition. a A detector with a total z-axis coverage of less than 16 cm
needs to be propagated along the heart in order to cover the volume of interest for coronary angiographic
imaging. b This can be achieved either conventionally with a helical acquisition as on the left or in a stepping
fashion with prospective triggering as on the right. For a given detector width of 4 cm, four to five steps are
required to cover the heart from the aortic root down to the diaphragm
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Fig. 16.9. Arrhythmia correction with PGA. Axial acquisitions may be combined with algo-
rithms detecting arrhythmia. The scan can be stopped temporarily to prevent image acquisi-
tion during premature beats. Acquisition is subsequently completed at the reoccurrence of sinus

rhythm

of 3 and additionally is more suited to address heart
rate variations and arrhythmia. It is therefore foresee-
able that with the advent of larger detectors beyond
64-detector rows, helical acquisitions will no longer be
the standard mode for cardiac scanning (EARLS et al.
2008).

One major disadvantage of axial acquisition tech-
niques is that a functional cine sequence cannot be
reconstructed. This may preclude the evaluation of
noncoronary cardiac structures. The helical scan will
therefore remain first choice for additional valvular or
ventricular imaging.

Conclusion

Tremendous advances in scanner technology intro-
duced in the recent years made cardiac CT a clinical
reality. Automated software has reduced image postpro-
cessing time to a few minutes. Coronary tree extraction
allows obtaining projections of the CT dataset that re-
semble the views familiar from catheterization angiog-
raphy. But application of the method today is confined
to a selected range of patients. This is due to the many
restrictions that prevail.

The current industry focus is to provide sufficient
temporal resolution and coverage. The best performance
achieved with clinically available technology allows re-
constructing cardiac images in a temporal window of

83 ms. This almost matches the required threshold of
65ms postulated by a few studies quantifying the rest
period of the coronary tree.

In addition, another trend is already visible: full z-
axis length coverage of the heart is provided in either
a single or less than two to four axial rotations by latest
scanner releases. This may add sufficient robustness to
the acquisition to handle arrhythmia and variable heart
rates. The rapidly growing detector size is associated
with substantial reductions in dose exposure required
for a complete coronary angiographic acquisition. Dose
reductions in the range of 80% become available with-
out compromises in image quality.

With all the achievements realized so far, one re-
striction becomes more and more prevalent: insufficient
spatial resolution generates partial volume averaging
artifacts and hence produces a high-density dilemma.
Both stent struts and calcified plaques appear larger
than they are on conventional CT images. One clinically
available option to alleviate the problem is dual energy
imaging. But the material differentiation of this method
in the high-density domain is very limited. A much
more sophisticated approach that has the potential to
obviate high-density over-sizing artifacts is spectral CT.
First proof-of-concept scanner setups have been real-
ized in the research laboratories, but many innovations
more technical are needed to render the method suit-
able for clinical application.

It is therefore predictable that coronary heart dis-
ease will continue to drive a rapid evolution of CT tech-
nology for many years to come.
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17.1.2
Coronary Artery Stent Types

Coronary artery stents are wire mesh tubes used to prop
open an artery. They may be classified according to
their modus of application (self-expandable or balloon
expandable), their geometry (slotted tube, monofila-
ment, multicellular, modular, or helical-sinusoidal), or
the material they are made of (stainless steel, tantalum,
cobalt alloy, platinum, nitinol, titanium, magnesium,
or other). The material is the most important determi-
nant of the radio-opacity of stents (atomic number, e.g.,
magnesium is 12, titanium is 22, chromium is 24, steel
is 26, cobalt is 27, nickel is 28, and tantalum is 73). Steel
is by far the stent material most frequently used, and is
followed by cobalt alloys. The metallic mesh may have a
covering (e.g., phosphorylcholine, carbon) or not (bare-
metal stents [BMS]). Coverings may contain drugs that
are eluded over time to prevent neo-intimal prolifera-
tion (drug-eluting stents [DES]). The most frequent an-
tiproliferative substances in use are sirolimus (Cypher,
Cordis, Johnson & Johnson) or paclitaxel (Taxus, Bos-
ton Scientific). In the last couple of years, DES have ex-
perienced a rapid increase over BMS. However, implan-
tation rates vary regionally, mainly because of reasons
related to reimbursement. In the United States, Portu-
gal, and Switzerland, DES penetration rates exceed 80%,
while in Germany DES and BMS are approximately
equal (REMMELL et al. 2007).

17.1.3
Stent Restenosis and Thrombosis

For BMS, in-stent restenosis rates have been reported
ranging from 11 to 46% after 6 month (ANTONIUCCI et
al. 1998). The need to treat restenosis with repeated per-
cutaneous or surgical revascularization procedures was
14% for BMS (WiLLIAMS et al. 2000).

DES have reduced the occurrence of restenosis and
the need of repeated revascularization procedures by
50-70% (MosEs et al. 2003; STONE et al. 2004). One of
the current concerns about DES is the increase of de-
layed in-stent thrombosis manifesting more than 30
days after stent implantation. This “late” manifestation
of stent thrombosis may be related to delayed endothe-
lialization of the stent and typically occurs when anti-
platelet therapy is discontinued.

The length of an implanted stent is associated with
an increased risk of both stent thrombosis and stent
restenosis.

CT of Coronary Stents

17.2.1
Beam Hardening and “Blooming”

A combination of beam hardening and partial-volume
artifacts causes artificial thickening of the stent struts
during CT, the so-called blooming of stents. This
blooming is responsible for the artificial lumen nar-
rowing of stents. The magnitude of artifacts and conse-
quently, the degree of lumen narrowing, depends on the
type of stent, the stent diameter, and various scan and
reconstruction parameters.

17.2.2
CT Imaging Features Affecting
Image Quality

17.2.2.1
Contrast Enhancement

High-contrast enhancement of the coronary vessels is
a prerequisite for coronary CTA, especially when coro-
nary stents are to be evaluated. High contrast is crucial
for stent imaging because sharper convolution kernels
are used, which inherently produce noisier images, and
at the same time, the window needs to be widened for
evaluation decreasing the contrasts. High-contrast ma-
terial concentration in the coronary vessels is achieved
by using appropriate contrast material, by optimiz-
ing contrast material injection parameters, and by ad-
equately timing the contrast material bolus using bolus
tracking or a test bolus.

17.2.2.2
Motion

Residual cardiac motion should be completely absent
when performing coronary CTA for stent evaluation.
While residual motion negatively affects all coronary
CT exams, metal-related artifacts are especially in-
creased. ECG gating, gantry rotation speed, heart rate,
etc., apply as for all cardiac CT exams.
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17.2.2.3
Convolution Filters

The use of a dedicated, sharp convolution kernel (char-
acterized by the presence of a relatively large propor-
tion of high frequencies in the modulation-transfer
curve and at the same time, less “overshoot” in the low-
frequency region compared with conventional kernels)
allows a significant decrease in the severity of bloom-
ing artifacts at the edges of high-attenuating structures.
The positive effect of stent-dedicated kernels has been
reported in a variety of studies (MAHNKEN et al. 2004;
MAINTZ et al. 2003¢; SEIFARTH et al. 2005) and can be
appreciated in Fig. 17.1.

17.2.2.4
Display Techniques and Window Settings

Maximum intensity projections or volume rendering
techniques may be helpful to show the location of a
coronary stent (Fig. 17.2). For the clinical evaluation of
the coronary artery stent lumen, multiplanar reforma-
tions (MPR) of the data volume are needed. MPR are
obtained in at least two orientations, longitudinal and
perpendicular to the stent axis, to properly assess for
the presence and, if positive, the degree of a stenosis.
The blooming artifacts can be decreased by widen-
ing the CT window compared with standard settings.
However, the window may only be widened to a certain

Fig. 17.1. The effect of different convolution kernels. Com-
parison of four different reconstruction protocols. Exemplary
through-plane reformations of the PRO-Kinetic stent. The
B26f kernel is a smooth kernel for cardiac applications, B30f
is a standard medium-smooth kernel, B45f is a standard me-
dium kernel, and B46f is a medium-sharp stent-dedicated
kernel (all kernels by Siemens, Forchheim, Germany). Note

artificial lumen narrowing due to metallic artifacts of the stent
struts, almost equivalent in the B26f and B30f reconstructions.
A medium kernel (B45f) increases the visible lumen diameter,
but the stent lumen has an artificially low density. The use of a
stent-dedicated kernel (B46f) combines good the lumen vis-
ibility and realistic lumen attenuation
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1300/275

Fig. 17.2. The influence of the stent size and the window set-
tings on stent lumen visualization. A 58-year-old patient with
status post implantation of three stents in the left anterior de-
scending coronary artery. A volume-rendered image (left) nice-
ly shows the location of the first stent distal to the first diagonal
branch and the other two stents distal of the second diagonal
branch. On the right, curved MPR through the left anterior de-
scending coronary artery are shown, with six different window
settings. The wider the window, the better visible is the stent
lumen. With a window width of 400 and a window center of 160
the stent lumen is not visible at all; window settings of 1,500/300
are recommended. Note also the influence of the stent diameter
on the lumen visibility. While the lumen of the proximal stent
with a diameter of approx. 3.5 mm is nicely assessable, the most
distal stent with a diameter of 2 mm is not evaluable

1000/250

1500/300
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degree to prevail enough contrast to evaluate lumen
stenoses. Typically, a window setting with a window
width of 1,500 HU and window center of 300 HU is
used for stent evaluation (Fig. 17.2). Often it is advisable
to “play” with the window settings.

Stent Features Affecting CT Image Quality

17.3.1
Stent Type

More than 100 different coronary stent types are known.
Many of them are still available; others have been sus-
pended but can still be found in patients that were
treated in the past. Stents can be composed of different
material. Most products are made from stainless steel.
Cobalt-chromium is another material used frequently.
Tantalum and nitinol (nickel-titanium alloy) are also
being used but less frequently. Stents from biodegrad-
able materials such as magnesium are being evaluated
in phase III studies. The degree of artifacts produced by
stents from different materials depends largely on the
atomic number of the material. Consequently, tantalum
causes the strongest artifacts, followed by steel, cobalt-

Tecnic
Carbostent

Tantal Cor JPRO-Kinetig

Twin-Rail

chromium, and nitinol. Magnesium stents exhibit only
minor artifacts. Some stents bear radio-opaque markers
at the stent ends. These markers can cause additional
artifacts, superimposing the stent lumen at the ends.
Besides the underlying material, the appearance of
steel stents varies depending on the individual design.
Figure 17.3 demonstrates the variation of the appear-
ance of 8 different coronary artery stents. A large num-
ber of different coronary artery stents has been evalu-
ated by MAINTZ et al. (2006). In that publication CT
images of 68 coronary stents can be found.

17.3.2
Stent Location and Size

The diameter of the stent is another important factor
influencing the lumen visibility. The larger the stent di-
ameter, the higher the visible percentage of the lumen.
Stents with a diameter of 23 mm can often be evaluated
(GILARD et al. 2005). Figure 17.3 demonstrates good lu-
men visibility of a 3.5-mm stent in the left anterior de-
scending artery (LAD), while a 2-mm stent more distally
is unevaluable. In a study by SCHUIJF et al. (2004), 28%
of stents with a diameter <3 mm, but only 10% of stents
with a diameter >3 mm were unevaluable. Stent implan-
tation in the left main (LM) and proximal LAD/proxi-

BiodivYsio
oS

Fig. 17.3. Appearance of eight different coronary stents in DSCT. Longitudinal (top) and perpen-
dicular (small inserts on bottom) reformations of in vitro experiments with eight different coronary
stents. Note the variability of artifact magnitude, depending on the stent type. The Magic stent made
from a magnesium alloy shows almost no artifacts and unrestricted lumen visibility, while severe
blooming artifacts of the Tantal Cor stent make stent lumen assessment impossible. The Tecnic Car-
bostent exhibits radio-opaque markers at the stent ends. The Twin-Rail has a lumen diameter in part

of 3 mm and in part of 1.5 mm, designed for vessel branches
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mal left circumflex coronary artery (CCA) provides the
best-case scenario for the use MDCT in the detection of
in-stent restenosis. This is because of the relatively large
stent diameters (usually approximately 3.9 mm in the
LM), the fact that scan orientation is parallel to the stent
axis and the relatively low motion in this area. Excellent
results in patient studies confirm these considerations:
in a series of 114 patients with 131 proximal stents (3.25
mm) CHABBERT et al. (2006) found lumen evaluabil-
ity in 121 stents (92.4%) and correct identification of

in-stent restenosis in 91.7% (prevalence of restenosis
22.5%), using 16-slice CT. GILARD et al. (2005) were
able to evaluate the stent lumen of LM coronary stents
(average diameter 3.9 mm) in 27/29 cases and to iden-
tify 4/4 in-stent restenoses. Identification of neo-intimal
hyperplasia with lumen reduction of less than 35% was
not possible in this 16-slice MDCT study.

VAN MIEGHEM et al. (2006) evaluated a large col-
lective of patients with left main coronary stents using
16-slice CT (n = 27) or 64-slice CT (n = 43). All 10 of 70

Table 17.1. Literature overview on patient studies evaluating coronary artery stents using different CT scanner generations. The

number of examined patients and stents is given; the diagnostic performance for the detection of stent restenosis and the percent-
age of stented segments that had to be excluded because of inferior image quality

Scanner Patients Stents

(@) (@) (%)

DSCT

PUGLIESE et al. 2007 100 178 94
64-slice CT

CADEMARTIRI et al. 2007 182 192 95
Das et al. 2007 53 110 96.9
CARRABBA et al. 2007 41 87 84
SCHUIJF et al. 2007 50 76 100
CARBONE et al. 2008 55 88 75
VAN MIEGHEM et al. 2006 74* 162 100
RIXE et al. 2006 64 102 86
EHARA et al. 2007 81 125 91
ONCEL et al. 2007 30 39 89
RisT et al. 2006 25 46 75
40-slice CT

GASPAR et al. 2005 65 111 88.9
16-slice CT

SCHUUJF et al. 2004 22 68 78
CADEMARTIRI et al. 2005 51 76 83
GILARD et al. 2006 143° 232 86
CHABBERT et al. 2006 134 145 92
KEFER et al. 2006 50 69 67

*n = 27 were scanned on a 16-slice CT

Sensitivity Specificity PPV (%) NPV (%) Accuracy Excluded

(%) (%) (%)

92 77 98 0
93 63.3 99.3 7.3
88 77.5 98.5 91 0
97 92 97 96 0
100 14
86 28
91 67 100 93 5.4
98 42
93 77 98 12
95 94 90 0
92 67 94 89 2
80.6 47.1 97.4 0
100 23
98 83 97 2.6
100 100 99 46
67 43 97 16.6
98 90 0

"Numbers given for fraction of stents larger than 3 mm in diameter
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in-stent restenoses were correctly identified. However,
there were also five false-positive results (sensitivity of
100%, specificity of 91%).

Results of Stent Imaging
with Different CT Scanners

Electron-beam CT (EBCT) enabled exact localization of
coronary stents and indirect evaluation of stent patency
by cine loop evaluation and time-attenuation curve
analysis (MOHLENKAMP et al. 1999; Pump et al. 1998,
2000; SCHMERMUND et al. 1998). However, EBCT has
been replaced by MDCT at most sites, mainly because
of limitations in spatial resolution.

First results of coronary stent imaging using four-
slice MDCT revealed that reliable lumen assessment
was not possible due to severe blooming artifacts in
vitro and in vivo (MAHNKEN et al. 2004; KRUGER et al.
2003; MAINTZ et al. 2003a,b). Sixteen-slice MDCT sys-
tems with increased spatial and temporal resolution as
well as optimized reconstruction algorithms improved
general image quality and stent accessibility. Depend-
ing on stent type, scanner hardware, and convolution
kernel, artificial lumen narrowing ranged from 20 to
100% (MAHNKEN et al. 2004; MAINTZ et al. 2003c). In
a clinical study by GILARD et al. (2006), the lumen vis-
ibility depended on the stent diameter: on average, 64%
(126/190 stents) were visible; of stents with a diameter
>3 mm, 81% were visible, but only 51% of stents with a
diameter <3 mm were visible. Likewise, restenosis de-
tection sensitivity and specificity were 54 and 100% for
small stents <3 mm, and 86% and 100% for larger stents
>3 mm.

Sixty-four-slice MDCT and dual-source CT repre-
sent state-of-the-art technology for coronary stent as-
sessment. However, detection rates of in-stent restenoses
vary in several studies (Table 17.1). RisT et al. (2006)
report a sensitivity and specificity of 75 and 92% for the
detection of significant in-stent disease. In a larger study
with 102 coronary stents (RIXE et al. 2006), sensitivity
and specificity for the detection of stenoses were 86 and
98%, but only 58% were evaluable regarding lumen vis-
ibility. In another study, the detection rate of in-stent
stenosis was 100%, and 86% of stents were evaluable
(ScHUDF et al. 2007). Only one study on dual-source
CT for detecting in-stent restenosis has been published
yet (PUGLIESE et al. 2007): 100 patients with chest pain
after coronary stenting were investigated by dual-scan
CT (DSCT)-CA. There were 178 stented lesions. Thirty-
nine of 100 (39%) patients had angiographically proven

restenosis. Sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV) of
DSCT-CA, calculated in all stents, were 94, 92, 77, and
98%, respectively. In stents 23.5 of mm (n = 78), sensi-
tivity, specificity, PPV, NPV were 100%; in 3-mm stents
(n=59), sensitivity and NPV were 100%, specificity was
97%, PPV was 91%; in stents <2.75 mm (n = 41), sensi-
tivity was 84%, specificity was 64%, PPV was 52%, and
NPV was 90%. Nine stents <2.75 mm were not inter-
pretable. The authors conclude that DSCT-CA performs
well in the detection of in-stent restenosis. Although
DSCT-CA leads to frequent false positive findings in
smaller stents (<2.75 mm), it reliably rules out in-stent
restenosis irrespective of stent size.
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ABSTRACT

Vascular emergencies play an important role
amongst the various differential diagnoses for
acute chest pain. Pulmonary embolism, acute aor-
tic syndromes as well as acute coronary artery dis-
ease have to be considered.The latest scanner tech-
nology available (> 64-slice multi-detector-row
spiral CT platforms) allows for a straight-forward
work-up in the emergency situation. A dedicated
triage based on a sophisticated clinical assessment,
however, ist required.

Introduction

Acute chest pain is one of the major clinical emergency
conditions. Various differential diagnoses have to be
considered, some of them are potentially life-threaten-
ing. CT assessment for vascular pathologies of the chest
can be split up into three major categories. Pulmonary
embolism, acute aortic syndromes and coronary artery
disease (CAD) require a rapid, reliable and effective di-
agnostic pathway allowing for an immediate therapeu-
tic decision thereafter. A simple and objective cross-sec-
tional modality should ideally be available on a 24/7
basis.

Latest multi-detector-row spiral computed tomog-
raphy (MDCT) scanners are able of such an “one-stop-
strategy”. Cardiac imaging can be incorporated into
established examination standard operating procedures
for non-cardiac vascular and non-vascular imaging of
chest disorders. This approach can be summarized with
the buzzword “triple rule-out™” (GALLAGHER and
RAFF 2008).

At first, it should be checked whether a CT angiogra-
phy (CTA) of the coronaries is technically feasible with
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the equipment available. If so, referring physician and
radiologist should discuss what kind of exam is clini-
cally essential, especially in terms of radiation protec-
tion. An ECG-synchronization of the data set is a pre-
requisite for the evaluation of the coronary arteries. A
differentiated approach utilizing MDCT for emergency
conditions in so called “chest pain units” is under evalu-
ation in many centres.

Acute Pulmonary Embolism

Due to its mostly unspecific clinical presentation,
pulmonary embolism (PE) is often referred to as the
great masquerader and remains a diagnostic challenge
(WILDBERGER et al. 2005). Accordingly, distinct
diagnostic algorithms are needed to assist the general
clinical assessment (e.g. using the Wells score; WELLS
et al. 2000) and to optimise the use of diagnostic tests,
especially in an emergency department setting. CTA is
an appropriate initial test in patients with intermediate
and high-clinical suspicion of PE under emergency
conditions (Ryu et al. 2001). In patients with a low
clinical probability of PE, the most cost-saving strategy
involves plasma D-dimer assessment, a degradation
product of cross-linked fibrin (PERRIER et al. 2004). In
the CT work-up, however, there is no diagnostic need for
an ECG-synchronization of the data set, as this clinical
question is safely answered by MDCT (SCHOEPE et al.
2005; BRITISH THORACIC SOCIETY STANDARDS OF
CARE COMMITTEE PULMONARY EMBOLISM GUIDELINE
DEVELOPMENT GROUP 2003). Already 4-detector-row
platforms have proven excellent negative predictive
values. Despite the direct visualization of thrombi and
emboli, also secondary findings can be delineated.
These include areas of decreased density as well as
consolidated areaslocalized within the lung parenchyma
(GHAYE et al. 2002). Right heart failure can be indirectly
assessed by an enlargement of the right heart chambers
(Quiroz et al. 2004) as well as straightening of the
interventricular septum and bowing into the left ventricle
(HE et al. 2006).

Acute Aortic Syndromes

MDCT has become the first-line imaging test in the
assessment of acute aortic syndromes. A sudden onset

of tearing and ripping chest discomfort can be sum-
marized as the classic clinical presentation. Poorly
regulated hypertension and soft-tissue disorders like
Marfan’s disease are common underlying causes for
the development of intramural hematoma, aortic dis-
section as well as aortic aneurysms and rupture. MDCT
is nowadays referred to as the gold standard for the
non-invasive clarification of these problems. The 4-de-
tector-row CT platforms already allow for a combined
assessment of the thoracic and abdominal aorta within
a single breath-hold, therefore necessitating just a single
contrast medium delivery.

The diagnostic work-up of the ascending aorta,
however, may remain a formidable task. Here, ECG-
gating minimizes transmission of cardiac motion. For
4-detector-row and 16-detector-row CT scanner, the
increase in scan time will limit the overall scan range.
Therefore, a differentiation is warranted, e.g. utilizing
ECG-synchronization for Stanford A dissection, while
a dissection originating in descending aorta (Stanford
B) might be diagnosed with a “standard” (sub-)millime-
ter collimated MDCT protocol. The quality and speed
of CTA is superior to other imaging modalities, and it
is also cheaper and less invasive. CTA of the aorta has
proven to be superior in diagnostic accuracy to conven-
tional arteriography in several applications (Yu et al.
2007).

Acute CAD

A combined assessment of the lung parenchyma, the
vasculature of the chest as well as a depiction of the heart
and the coronaries can be done with the latest scanner
technology available (256-detector-row, 320-detector-
row CT per rotation; dual-source technology) (RyBICKI
et al. 2008; FLOHR et al. 2006). From today 's standpoint,
significant coronary stenosis can also be safely excluded
using 64-detector-row MDCT platforms with retro-
spective ECG-gating. For 64-detector-row scanners,
the use of beta-blockers is still needed to bring down
the heart rate of the patient, as the temporal resolution
is still not sufficient for imaging of unselected patients
(ACHENBACH et al. 2008). Heart rates of 60-65 bpm
are suggested to achieve good image quality. This pre-
medication will limit the options under emergency con-
ditions, as this might be time-consuming, and several
contraindications have to be taken into account.
Patients with an intermediate pre-test likelihood
for a CAD are especially of major interest (LEBER et
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al. 2007). Recently, a dedicated graduated scheme was
published in a consensus statement of the North Ameri-
can Society of Cardiac Imaging and the European Soci-
ety of Cardiac Imaging (STILLMAN et al. 2007). Hence,
MDCT is especially valuable in the exclusion of CAD
in patients with a normal and non-specific laboratory
testing in combination with a negative ECG (Fig. 18.1).
On the other hand, it should also be stressed that CTA
of the coronaries does not add important information
in patients with a high pre-test likelihood and known
CAD (Me1jBoOM et al. 2007).

In general, the contrast material application should
be adapted according to the differential diagnoses that
have to be addressed: On the one hand, an opacification
of the pulmonary arteries is needed for the exclusion
of pulmonary embolism. On the other hand, optimal
density values are needed for the arterial vessels (aorta,
coronaries) as well. This optimization might be the
most crucial part of the entire exam, as quite complex
contrast regimens have been inaugurated.

Generally speaking, a moderate to high iodine
delivery rate (IDR) is needed for CTA of the chest.
Therefore, 1.5-2.0 g iodine/s should be administered
intravenously. The contrast medium delivery has to
be maintained for a longer time, as an opacification of
the pulmonary circulation and the systemic circula-
tion is needed at the same time. Dual-head power in-
jectors, individual adaptation of the contrast delivery

Acute Chest Pain // DD: Coronary Artery Disease |

|

History, Physical examination,
ECG, Laboratory testing,
Risk stratification

I

Normal / Non-specific NSTEMI STEMI
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Fig. 18.1. a Pathway for patients with acute chest pain, in
which CAD is one potential differential diagnosis. In case of a
well-known CAD and a high pre-test likelihood, a percutane-
ous catheter intervention (PCI) should be performed. In case of
non-specific symptoms, a MDCT angiography of the coronar-
ies is technically feasible for the exclusion of CAD. b According
to the results of the coronary MDCT angiography, the patient
can be discharged (exclusion of relevant CAD) or should be

(test bolus methodology, bolus-tracking [ROI in the
ascending aorta]) and a scanner-based adaptation of
the overall injection duration according to the CTA ac-
quisition time guarantee a robust regimen even under
emergency conditions. Advanced protocols include
biphasic and even triphasic contrast medium proto-
cols for this “one-stop-shop” approach (JoHNsoON et al.
2007; LiTMANOVITCH et al. 2008). A high-flow IDR in
combination with a larger overall volume (130 mL @
370 mg iodine and 160 mL @ 300 mg iodine) have been
advocated (JorNnsoN et al. 2008b). Medication directly
on the CT-table with glyceryl trinitrates (GLN) s.l. (sub-
lingual application) might be added for vasodilatation
during the scan procedure (ACHENBACH et al. 2008). A
caudo-cranial scan direction is favourable for optimal
results (JoHNSON et al. 2008b). Patients should be in-
structed to hold their breath after mild inspiration in
order to avoid a Valsalva-effect and a split enhancement
within the pulmonary vasculature. Transient interrup-
tion of contrast of the pulmonary arteries represents a
flow-related phenomenon associated with an increased
inferior vena cava contribution to the right side of the
heart (WiTTRAM and Yoo 2007).

In summary, modern MDCT equipment allows for
a robust and straight-forward diagnostic work-up for
acute chest pain in the emergency situation. The latest
scanner technology guarantees a diagnostic examina-
tion quality without pre-medication even in acutely ill

> 64-slice CT Coronary Angiography

Moderate Stenosis (50% — 70%)
Non-diagnostic exam

| I

|Stress—|maging| | PCI |

S N/

| Discharge | | Admission |

Severe Stenosis

Normal / Mild (0% — 49 %) (>70%)
/o

treated (proof of hemodynamically relevant stenoses). In inde-
terminate cases as well as in non-conclusive exams, additional
stress-testing is recommended (modified from: Stillman AE
et al. (2007) Use of multi-detector computed tomography for
the assessment of acute chest pain: a consensus statement of
the North American Society of Cardiac Imaging and the Euro-
pean Society of Cardiac Radiology. Eur Radiol 17:2196-2207)
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patients with high heart rates (ACHENBACH et al. 2008).
Using DSCT, overall sensitivity rates for the cause of
chest pain of 98% as well as a 100% negative predictive
value for coronary stenoses have been reported (JouN-
SON et al. 2008a). In order to avoid an overutilization of
this method, precise indications for its use will have to
be determined (WHITE 2007). A dedicated triage after a
sophisticated clinical assessment is required especially
in younger patients due to radiation safety necessities.

Further studies will prove whether this clinical
pathway is also cost-effective in the long run, as patients
with a negative MDCT/DSCT scan can be discharged
directly from the emergency ward without further diag-
nostics (and therapy).
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Introduction

Substantial technological advances in data acquisition
- and data processing leading to an improved spatial and
A. LEMBCKE, MD temporal resolution have established a central role for
Department of Radiology, Charité, University Medicine Berlin, multi-detector-row computed tomography (MDCT) in
Charitéplatz 1,10117 Berlin, Germany the evaluation of the operative cardiac patient.
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Noninvasive Coronary
Artery Imaging in Cardiac Surgery

Several studies have demonstrated a fairly high sensi-
tivity and specificity of MDCT for detecting significant
stenoses, primarily in patients with intermediate pre-test
probability, low heart rate, and low calcium score (AB-
DULLA et al. 2007; SuN et al. 2007; JANNE D’OTHEE et
al. 2007; SuN et al. 2006; HAMON et al. 2006). In patients
scheduled for non-coronary cardiac surgery, preopera-
tive management usually requires invasive coronary an-
giography to evaluate the presence of concomitant cor-
onary atherosclerosis and to detect significant coronary
artery stenoses. A few investigations exist that demon-
strated the value of noninvasive coronary angiography
by MDCT as an alternative imaging method for the pre-
operative evaluation of the coronary arteries. In a se-
ries of patients with aortic valve stenosis, GILARD et al.
(2006) found a sensitivity, specificity, and positive and
negative predictive value (PPV and NPV, respectively) of
100%, 80%, 55%, and 100%, enabling invasive coronary
angiography to be avoided in 80% of patients. However,
in 20% of patients assessment of the vessel lumen by
MDCT was prevented due to heavy calcifications (Ag-
atston score >1,000). In contrast, La1ssy et al. (2007)
found a sensitivity, specificity,and PPV and NPV of only
85%, 93%, 85%, and 98%, respectively, and TANAKA et
al. (2007) found a sensitivity and specificity of only 89%
and 80%, respectively, for detection of coronary artery
stenoses in patients with aortic valve stenosis.

A similar investigation was performed by SCHEFFEL
et al. (2007) for a group of patients with aortic valve
regurgitation. In this study, sensitivity, specificity, PPV,
and NPV of 100%, 95%, 87%, and 100%, respectively,
were found. Preoperative invasive coronary angiography
could have avoided in 70% of patients, while unneces-
sary invasive procedures would have been in only 4%.

In patients who have undergone cardiac transplan-
tation coronary artery vasculopathy of the donor heart
remains the major limitation to long-term survival
Some authors have investigated the diagnostic value of
coronary artery calcium measurements for the early de-
tection of graft vasculopathy (KNOLLMANN et al. 2000;
LuDMAN et al. 1999; RATLIEF et al. 2004). However,
the results of these studies were not conclusive, and
therefore the value of coronary artery calcium mea-
surements remains questionable in heart transplant re-
cipients. Recent investigations suggest that noninvasive
coronary angiography by MDCT is more reliable for the
detection of a transplant coronary artery disease. For a
group of heart transplant recipients, SIGURDSSON et al.

(2006) found a sensitivity, specificity, PPV, and NPV
of 94%, 79%, 65%, and 97%, respectively, and RoMEO
et al. (2005) a sensitivity, specificity, PPV, and NPV of
83%, 95%, 71%, and 95%, respectively, for the detection
of coronary artery stenosis in the transplanted heart. In
contrast, PICHLER et al. (2008) observed a sensitivity
and specificity of 70% and 70%, respectively, with to a
high number of patients with non-assessable coronary
artery segments. However, PPV and NPV in this study
were 88% and 97%, respectively, confirming the poten-
tial of MDCT for the exclusion of significant transplant
coronary artery disease.

Coronary Artery Anomalies

The three-dimensional, high-detailed anatomic informa-
tion provided by cardiac MDCT allows for a precise as-
sessment of patients with known or suspected coronary
artery anomalies. Numerous reports in the literature
have demonstrated the accuracy of MDCT for detecting
and characterizing of coronary artery anomalies (Dobp
et al. 2007; Kim et al. 2006; MANGHAT et al. 2005). Al-
though MDCT has some intrinsic limitations (radiation
exposure, intravenous contrast media administration),
it is therefore regarded as an excellent non-invasive tool
for clinical decision-making (i.e., the need for surgical
intervention) and as part of the diagnostic workup in in-
dividuals with anomalous coronary arteries.

Imaging in Coronary Artery Bypass Surgery

The implantation of coronary artery bypass grafts has
revolutionized the treatment of patients with coronary
artery disease and now represents the most frequent
procedure performed in cardiac surgery. However, de-
spite surgical revascularization, there remains a certain
risk of ischemic symptoms in the postoperative period.
An occlusion rate for saphenous vein bypass grafts of
50% has been described 15 years after surgery (Firz-
GIBBON et al. 1996). In patients with recurrent isch-
emic symptoms, conventional coronary angiography
is therefore often required to diagnose potential by-
pass graft stenosis and to evaluate the progression of
coronary atherosclerosis in the native coronary arter-
ies. However, asymptomatic patients are not routinely
examined by conventional angiography due to the as-
sociated risks and costs. MDCT may therefore play an




The Role of Cardiac Computed Tomography in Cardiac Surgery

241

Fig. 19.1. A 56-year-old man who underwent coronary artery
bypass grafting using a PTFE-graft. MDCT shows complete oc-
clusion of the bypass (arrow)

important role as an alternative imaging method for the
timely detection of bypass graft disease, although a rou-
tine screening by MDCT cannot be recommended due
to radiation dose concerns. The latest MDCT scanner
generations have substantially improved detail resolu-
tion, enabling excellent visualization of the entire bypass
graft including the site of the distal anastomosis. In ad-
dition, the frequency and severity of artifacts, especially
the occurrence of heavy streak artifacts caused by metal
clips along the bypass graft, were significantly reduced.
Using conventional angiography as the gold standard,
the recent literature has described excellent results for
the detection of bypass graft occlusion with sensitivities
and specificities approaching 100% (JoNEs et al. 2007;
HaMmoN et al. 2008). However, in a clinical setting it
might be reasonable to not only evaluate the patency of
the bypass graft, but also the presence of stenoses in the
bypass graft or the native coronary arteries. This is often
more difficult, especially in vessels with a smaller cali-
ber or arteries with severe calcifications. However, with
its high negative predictive value, MDCT can practi-
cally exclude significant graft disease, avoiding needless
conventional angiography (Figs. 19.1 and 19.2). Based
on the diameter measurements of an occluded venous
bypass graft, MDCT may also allow for non-invasive
differentiation between acute and chronic bypass graft
occlusion as demonstrated earlier for electron-beam
computed tomography (ENZWEILER et al. 2003). This

could help in terms of clinical decision making and may
prevent unnecessary re-canalization procedures after
bypass surgery. Whereas MDCT is an efficient imaging
method in the postoperative follow-up, its role in the
preoperative diagnostic workup before coronary artery
bypass surgery has not yet been well established. How-
ever, a few studies suggest that MDCT may accurately
identify the target vessel for bypass surgery and may
provide useful additional data on coronary morphol-
ogy (for example, the extent of coronary calcifications)
not obtained by conventional coronary angiography
(S1moN et al. 2007).

Fig. 19.2a-c. A 62-year-old man after coronary artery revas-
cularization using two saphenous vein bypass grafts. MDCT
clearly demonstrates the direct retrosternal course of a patent
bypass vessel (arrow). The second bypass is occluded (arrow-
head)
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Fig. 19.2a-c. (continued) A 62-year-old man after coronary
artery revascularization using two saphenous vein bypass
grafts. MDCT clearly demonstrates the direct retrosternal
course of a patent bypass vessel (arrow). The second bypass is
occluded (arrowhead)

Imaging for
Planning Operative Perfusion Techniques

In patients with significant atherosclerosis, direct can-
nulation of the thoracic aorta for cardiopulmonary

bypass is associated with a substantial risk of cerebral
embolism (MORINO et al. 2000; VAN DER LINDEN et al.
2001). In addition, an extensive circumferential calcifi-
cation of the thoracic aorta (so-called porcelain aorta)
represents a technical challenge for the cardiac surgeon,
especially when aortic valve replacement of coronary
artery bypass grafting is indicated (Fig. 19.3). Imaging
by MDCT can accurately describe the site and extent of
calcifications of the aortic valve and may therefore pro-
vide important information to be used for therapeutic
decision making and definition of the surgical strategy
evaluation.

Imaging before Reoperative Cardiac Surgery

Cardiac reoperations are associated with a significantly
higher risk than the initial procedure (SALomoON et al.
1990). Median sternotomy is a blind procedure that
may result in injury of cardiac and extra-cardiac struc-
tures located adjacent to the posterior side of the ster-
num, such as the right ventricle, saphenous vein bypass
grafts, the ascending aorta, and internal mammaria
arteries. A close proximity of the right ventricle to the
anterior chest wall is often caused by adhesions that
form after previous surgery. Postsurgical adhesions may
also cause migration of saphenous bypass grafts result-
ing in a retrosternal position with the risk of injury at
re-sternotomy (Fig. 19.2). Thus, the assessment of the

Fig. 19.3a,b. A 52-year-old man who was referred for aortic valve replacement due to high-grade stenosis. MDCT visualizes
extensive circumferential calcifications in the entire thoracic aorta (“porcelain aorta”)
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anatomic relationship of the cardiac chambers, great
thoracic arteries, and coronary artery bypass grafts to
the chest wall in general, and the sternum in particu-
lar, is of utmost importance before reoperative cardiac
surgery. Modification of surgical planning based on the
preoperative assessment in MDCT may therefore help
to prevent intraoperative complications and reduce pe-
rioperative mortality.

Imaging in Heart Valve Surgery

19.7.1
Aortic Valve Surgery

In patients with suspected aortic valve stenosis, a defi-
nite decision for surgery is generally based on the pres-
ence of symptoms in combination with a significant
reduction of the aortic valve orifice area (AVA) during
systole (BoNow et al. 2006). Different imaging modali-
ties are currently in use to determine the aortic valve
orifice area, but all have their own strengths and limi-
tations. Invasive transvalvular pressure gradient mea-
surements at cardiac catheterization were evaluated in
numerous scientific studies and proved to be valuable
in clinical practice for quantifying the aortic valve ori-
fice area. However, cardiac catheterization is an inva-
sive procedure associated with certain risks, especially
when crossing the stenotic aortic valve (OMRAN et al.

2003). In addition, the Gorlin formula used at cardiac
catheterization for quantifying the aortic valve orifice
area has many well-described theoretical and practical
limitations, which may result in inaccuracies in a va-
riety of certain hemodynamic conditions (Turr 2005).
In contrast, transthoracic echocardiography is a com-
pletely non-invasive and cost-efficient procedure that is
relatively easy to handle and quick to perform. Echocar-
diography has been shown to be adequate to estimate
the degree of stenosis in the majority of patients and is
therefore widely used in the everyday clinical routine,
maybe reducing the need for an invasive examina-
tion. However, echocardiography also has several well-
known limitations, particularly a considerable variabil-
ity depending on the quality of the patient’s sonication
conditions as well as the examiners level of expertise.
Despite the good agreement between echocardiogra-
phy and cardiac catheterization demonstrated in sev-
eral experimental studies, there are numerous potential
sources of error that may lead to significant discrepan-
cies in AVA calculations, posing a dilemma in clinical
decision making. Therefore, additional evaluation by
direct visualization and planimetry of the AVA is often
recommended. This can be done either by transesopha-
geal echocardiography, magnetic resonance imaging, or
alternatively by MDCT (Fig. 19.4). Recently published
studies have also demonstrated a good reliability of pla-
nimetric AVA measurements by MDCT as compared
with transesophageal echocardiography as well as mag-
netic resonance imaging (ALKADHI et al. 2006, 2006;
BAUMERT et al. 2005). When comparing planimetric

Fig. 19.4a-d. A 57-year-old man with bicuspid aortic valve. MDCT confirms heavy valvular calcifications and demonstrated a
narrowed aortic valve orifice indicating severe valvular stenosis (a—c) (see next page)
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Fig.19.4a-d. (continued) A 57-year-old man with bicuspid aortic valve. MDCT confirms heavy valvular calcifications and dem-
onstrated a narrowed aortic valve orifice indicating severe valvular stenosis (a-c), but normal coronary arteries (d)

measurements of the anatomic AVA (obtained with
MDCT, magnetic resonance imaging, or transesopha-
geal echocardiography) with calculations of the hemo-
dynamic effective AVA (using the continuity equation
at transthoracic Doppler echocardiography or using the
Gorlin formula at cardiac catheterization) (ALKADHI
et al. 2006; DEBL et al. 2005). The difference between
the actual anatomic AVA and the hemodynamic effec-
tive AVA can be explained by the fact that blood tends
to flow through the center to the anatomic orifice. In
addition, the planimetrically measured anatomic AVA
represents a measurement at the time of maximal valve
opening, whereas the calculated hemodynamic effec-
tive AVA represents an integration of measurements
throughout the duration of valve opening.

Recent investigations also suggest that direct plani-
metric measurement of the aortic valve orifice area dur-
ing diastole area provides useful additional information
on the presence and severity of aortic valve regurgita-
tion (Fig. 19.5). In addition, MDCT also provides im-
portant morphologic information on the aortic valve
(bicuspid vs. tricuspid valve; severity of calcifications)
and enables an exact three-dimensional visualization of
the aortic root, including precise measurements of the
aortic root diameters, which is of particular interest for

the cardiac surgeon with regard to therapeutic decision
making (for example, with regard to the decision if aor-
tic valve surgery should be performed with additional
aortic root replacement or not).

There is no doubt that echocardiography remains
the method of choice for assessment of patients with
suspected aortic valve disease. However, MDCT may
provide additional useful information when echocar-
diographic results are questionable due to poor sonica-
tion conditions, when echocardiographic findings do
not match the clinical data, or if there is discordance
between the quantitative data of echocardiography and
cardiac catheterization. Moreover an additional pla-
nimetric evaluation of the aortic valve by MDCT may
be useful in patients with borderline values at echocar-
diography or simply to confirm the diagnosis prior to
surgery.

Used for preoperative risk assessment, MDCT at
the same time allows for quantification of left ventricu-
lar function and noninvasive direct assessment of the
coronary arteries (see above). With its high negative
predictive value, MDCT might therefore be a suitable
tool to exclude significant coronary artery stenosis and
has the potential to reduce the number of cardiac cath-
eterizations routinely performed to exclude concomi-
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Fig. 19.5a-d. A 49-year-old man with an ascending aortic aneurysm. MDCT demonstrates the aortic geometry (a-c) and also
depicts incomplete adaptation of the valvular cusps during diastole, indicating valvular regurgitation (d)

tant coronary disease in patients scheduled for surgery.
Although initial results are promising, it must be borne
in mind that these patients often have severely calcified
coronary arteries that may considerably impair visual-
ization of the vascular lumen. Moreover, the high image
quality required for adequate evaluation of the coronary

arteries is often achieved only if hemodynamically ac-
tive drugs are administered, which may pose a risk, es-
pecially in patients with aortic valve disease at the stage
of decompensation.




246

A. Lembcke

19.7.2
Surgery of the Mitral Valve,
Tricuspid Valve, and Pulmonary Valve

Only a few reports exist that deal with the accuracy
of MDCT for detecting and quantifying mitral valve
disease, i.e., mitral valve regurgitation and/or stenosis
(ALKADHI et al. 2006; MESSIKA-ZEITOUN et al. 2006)
(Fig. 19.6). Very little information is available on the
usefulness of MDCT for the diagnosis of pulmonary
valve and tricuspid valve disease. Thus, the value of
MDCT in diseases of the mitral valve, pulmonary
valve, and tricuspid valve is still unclear, and echocar-

Fig. 19.6a,b. A 75-year-old woman with mitral valve endo-
carditis. MDCT detects a valvular vegetation (a, arrow) and
prolapse of the posterior valve leaflet (b, arrowhead)

diography remains the method of choice for a com-
prehensive assessment of valve disease, including the
evaluation of directional blood flow, transvalvular flow
velocity, and pressure gradient requirements. However,
MDCT may provide useful information about chamber
and valvular structure and function in patients with re-
stricted acoustic windows and/or persistent diagnostic
uncertainty.

Surgery
in Congestive Heart Failure

Despite substantial advances in pharmacological therapy,
congestive heart failure (CHF) remains one of the most
frequent causes of hospitalization and death worldwide.
To increase the life expectancy and improve quality of
life by relieving symptoms in patients with advanced,
refractory CHD, surgical options are warranted. There-
fore, treatment of CHF is currently the fastest growing
segment of cardiac surgery, and a number of new op-
tions have been added to the therapeutic spectrum in
the last years. MDCT may provide useful information
regarding the morphology of the entire heart, includ-
ing the coronary arteries, and may also provide data on
left and right ventricular function that are pertinent to
heart failure patients in cardiac surgery.

19.8.1
Cardiac Transplantation

Cardiac transplantation is the ultimate therapeutic op-
tion in end-stage CHE. Orthotopic cardiac transplanta-
tion is the surgical technique of choice, whereas hetero-
topic cardiac transplantation is performed primarily
when there is high resistance in the pulmonary circula-
tion of the recipient (and a heart-lung transplantation is
impossible), the donor heart is too small, or in selected
cases with acute but potentially reversible heart failure.
In orthotopic transplantation the donor heart is joined
to the recipient’s atria, aorta, and pulmonary artery.
In heterotopic transplantation, the donor heart is im-
planted into the right thoracic cavity and anastomosed
with the recipient’s heart in a complex manner in such
a way that the donor heart takes over most of left ven-
tricular output, while the recipient’s heart continues to
ensure right ventricular output.

Noninvasive coronary angiography by MDCT en-
ables the early detection of coronary allograft vascul-
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opathy (see above). MDCT also allows for a simultane-
ous assessment of myocardial function and geometry
of the cardiac chambers, the morphology of the car-
diac valves, and great thoracic vessels in a single scan.
In addition, MDCT permits visualization of adjacent
structures, such as the mediastinum, lungs, pleura,
and chest wall. Thus, in the same examination MDCT
also may allow the detection or exclusion of other non-
cardiac, transplantation-related complications in the
early or late stage after surgery. Complications include
mediastinal or pulmonary bleeding, pneumo-thorax
or pneumo-mediastinum, malignancies, or infection.
These complications are usually associated with the sur-
gical intervention itself, an endomyocardial biopsy, or
long-term immunsuppressive medication (KNISELY et
al. 2007; Bogor et al. 2007; FERENCIK et al. 2007).

19.8.2
Mechanical Cardiac Assist Devices

For long-term circulatory support in patients with ad-
vanced CHF (mostly as bridge-to-transplantation or
bridge-to-recovery, rarely as destination therapy), a
mechanical left ventricular assist device (LVAD) is often
required, which decreases the left ventricular afterload
by creation of a cardioaortic bypass through which the
blood is directly pumped from the left ventricle into the
aorta. In these patients MDCT not only allows for iden-
tification of the exact position of the cannula tip of the
assist device, but may also allow for the detection of lo-
cal complications associated with device implantation,
such as intra/cardiac thrombosis, mediastinal, peri-
cardial, or pleural fluid or air accumulations as well as
mediastinal or pulmonary infections (JAIN et al. 2005;
KNOLLMANN et al. 1999; KNISELY et al. 1997).

19.8.3
Dynamic Cardiomyoplasty

This procedure consists in mobilizing a flap of the latissi-
mus dorsi muscle, which is wrapped around the dilated
heart and stimulated electrically. Its aim is to prevent
further ventricular dilation by external stabilization,
which is also known as “girdling effect,” and to improve
myocardial performance during systole by active com-
pression. However, since the significance of its benefi-
cial effects remains unclear, dynamic cardiomyoplasty
has not yet become a standard surgical procedure and
is today only used in selected cases. A frequent problem
associated with dynamic cardiomyoplasty is lipoma-

tous involution of the muscle flap. Cardiac MDCT can
identify atrophy and fatty replacement of the skeletal
muscle. Moreover, cardiac MDCT may help to visual-
ize the postoperative morphology and to quantify the
functional status of the heart, especially in patients with
restricted acoustic windows.

19.8.4
Passive Cardiac Constraint
(the CorCap Cardiac Support Device)

This type of passive external support has been in-
troduced recently and is still undergoing worldwide
clinical trials. In this technique, a compliant synthetic
mesh rather than an actively stimulated muscle flap is
wrapped around both ventricles and attached near the
atrioventricular sulcus. This technique aims at prevent-
ing further ventricular dilation and at supporting myo-
cardial function based on the “girdling effect” Follow-
ing device implantation the thickness of the ventricular
pericardium at MDCT slightly increases, but remains
in the normal physiologic range. Abnormal thickening
of the pericardium at MDCT may be a sign of a peri-
cardial fibrous reaction, which may cause constrictive
physiology. Other possible local complications that can
depicted by MDCT include paracardial adhesions and
scar formations.

19.8.5

Left Ventricular Reduction Surgery

Using Partial Left Ventriculectomy

(the Batista Procedure) or Aneurysmal
Resection with Endoventricular Patch Plasty
(the Dor Procedure)

The principle of left ventricular reduction according to
Batista is to improve myocardial wall tension by reduc-
ing ventricular size based on Laplace’s law. This is done
by direct resection of a variable myocardial portion
(partial left ventriculectomy) from the anterior, lateral,
or posterior wall. In most patients having undergone
this procedure, a circumscribed scar is visualized at the
site of the ventriculotomy. In patients with left ventricu-
lar aneurysms, linear aneurysmal resection in which
the aneurysmal sac is incised and the vital myocardium
approximated by simple linear suture has become rare.
The most widely used alternative technique is the Dor
procedure where the aneurysm is incised and plicated
by a purse-string suture around its neck. The remaining
defect is covered with a synthetic patch over which the
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plicated sac is closed. Modifications of this procedure
are now also used for reconstruction of a dilated, mal-
formed left ventricle even when no aneurysm is present.

MDCT provides detailed three-dimensional infor-
mation on the geometry of the left ventricle, includ-
ing the exact location and dimension of the aneurysm.
Three-dimensional models of the heart based on MDCT
data sets may help the surgeon to assess the ideal resec-
tion lines and to determine the residual ventricular size
and shape after a reconstructive procedure (Jacoss et
al. 2008).

19.8.6
Mitral Valve Surgery

Mitral regurgitation is a typical complication of dilated
heart disease in which backflow of the blood from the
ventricle into the atrium further contributes to the ex-
cessive volume load and progression of the disease. Mi-
tral valve replacement or repair is thus one of the most
common operations in advanced cardiac failure and is
performed either alone or in combination with other
procedures. While MDCT does not allow visualization
of the regurgitant jet, it can provide basic information
on the morphology of the valve structures and move-
ment of the leaflets (Fig. 19.7).

Fig. 19.7a,b. A 49-year-old man who underwent pulmonary
valve replacement 2 years ago in the context of the Ross pro-
cedure. MDCT images clearly visualize a circumscribed mem-

19.8.7
Cardiac Masses

MDCT has a high accuracy in detecting cardiac masses,
but its ability to provide the final diagnosis of a cardiac
tumor is sometimes limited. However, MDCT can give
useful information on the exact location, dimension,
and extent of the mass and may support the differential
diagnosis based on typical imaging features (GREBENC
et al. 2000; vAN BEEK et al. 2007; ArRaozZ et al. 2000)
(Fig. 19.8). Nevertheless, the final diagnosis in a sus-
pected cardiac tumor is generally based on patient’s
symptoms and history (especially if known concomi-
tant cardiac or non-cardiac diseases are present), the
location of the mass, and the specific imaging findings
on echocardiography, as well as magnetic resonance
imaging and MDCT. In the context of the preoperative
workup, MDCT may be particularly helpful in planning
tumor resection because it provides real three-dimen-
sional anatomic information on the target area together
with all structures at risk during surgery (such as coro-
nary arteries with an intra-myocardial course or overly-
ing fat tissue, papillary muscles, and the atrioventricular
valves) (Jacoss et al. 2008).

brane-like stenosis (arrows) and a large aneurysm (asterisk) in
the pulmonary artery (PA). There is moderate dilatation and
muscular hypertrophy of the right ventricle (RV)
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Conclusion

In a routine clinical setting, MDCT provides invaluable
structural and functional information on the heart and
great vessels that is of particular interest for cardiac sur-
geons with regard to therapeutic decision-making, pre-
operative risk stratification, and definition of the surgi-
cal strategy, as well as postoperative evaluation.
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ABSTRACT

With recent technical advances in MDCT technol-
ogy, such as DSCT or broad CT detectors with 256
or 320 slices, a number of new potential clinical
indications for cardiac CT are being discussed,
such as imaging of myocardial function, imaging
of myocardial infarctions, imaging of patients with
atrial fibrillation, or CT in the diagnosis of con-
genital heart disease. Although a number of other
diagnostic modalities already exist for some of
these clinical indications, and although cardiac CT
will mostly and primarily be performed for nonin-
vasive imaging of the coronary arteries, more and
more information can be obtained from a single
cardiac CT scan, and radiologists will increas-
ingly have to deal with information and side find-
ings present in the cardiac CT scan on which they
should report. Thus, within this chapter, we hope
to provide insight into a number of potential and
new indications and techniques for noninvasive
cardiac CT imaging, as well as technical implica-
tions, limitations and prerequisites.

Introduction

CCA is considered the reference standard for the diagno-
sis of CAD and the grading of coronary artery stenoses.
The established generation of 16- and 64-MDCT sys-
tems provides excellent results in terms of diagnostic
accuracy, but certain limitations have hindered its full
acceptance as a standard method in the clinical cascade
for CAD patients. First, heavy calcium deposits in the
coronary artery wall continue to negatively affect lu-
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men depiction due to partial volume effects, thereby
impeding the detection and grading of significant CAD.
Further limitations include the impaired assessibility of
coronary artery branches smaller than 2 mm diameter
and patients with high and/or arrhythmic heart rates
(N1koLAOU et al. 2006). Nevertheless, cardiac CT is
increasingly used for a number of clinical indications,
such as the noninvasive visualization of CABG (STEIN
et al. 2005), the preoperative assessment of coronary
anatomy before cardiac surgery and the depiction of
coronary anomalies (GILKESON et al. 2003; RisT et
al. 2004), or even stent assessment (RisT et al. 2006).
Studies to date suggest that MDCT coronary angiog-
raphy may become an important diagnostic modality
in the routine workup of patients with suspected CAD
and may prove particularly useful as a decision-maker
in patients without a prior history of CAD to prove or
exclude the presence of significant CAD and to decide
on the need for invasive catheterization as a potentially
therapy.

Recently, DSCT has been introduced into clinical
routine. DSCT has been developed primarily to increase
the temporal resolution (Fig. 20.1). The DSCT system is
equipped with two X-ray tubes and two corresponding
detectors, mounted onto the rotating gantry with an or-
thogonal orientation (FLOHR et al. 2006). Each detector
acquires 64 overlapping 0.6-mm slices per rotation, and
cross-sectional images are obtained with a very high
temporal resolution of 82.5ms, corresponding to one
quarter of the gantry rotation time at a gantry rotation
of 330ms, using half-scan reconstruction algorithms
(JoHNSON et al. 2006).
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Fig. 20.1. Temporal resolution of different generations of CT
scanners. With newest scanner technology like DSCT, a tem-
poral resolution as low as 80 ms can be achieved. This should
lead to increased robustness of the technique, with image qual-
ity more reliable even at higher or irregular heart rates, and to
an improved capability for functional imaging, being close to
the temporal resolution of the gold standard modality for func-
tional imaging, i.e., MRI, with a temporal resolutions of about
50ms. 4SCT 4-slice CT, 16SCT 16-slice CT, 64SCT 64-slice CT,
EBCT electron-beam CT

45CT B4SCT EBCT DSCT

With these technical advances, a number of new po-
tential clinical indications for cardiac CT are being dis-
cussed, such as imaging of myocardial function, imag-
ing of myocardial infarctions, imaging of patients with
atrial fibrillation, or CT in the diagnosis of congenital
heart disease. Other diagnostic modalities already exist
for some of these clinical indications, and though car-
diac CT angiography is the most used for noninvasive
imaging of coronary arteries, much information can be
obtained from a single cardiac CT scan. Radiologists
will be faced with this increase amount of information
and present in the cardiac CT scan, and such findings
should be reported.

Coronary CT Angiography
in Patients with Atrial Fibrillation

Motion artifacts have often constituted a diagnostic
dilemma and continue to be the most important
challenge in coronary CT angiography (CTA).
Previous studies (WINTERSPERGER et al. 2003) have
demonstrated a significant inverse correlation between
image quality and heart rate. For 16-slice CT (-SCT)
cardiac examinations, premedication with B-blockers
(oral or intravenously administered) was routinely
performed, typically in patients with heart rates of
more than 65 bpm. Some authors still reccommend the
application of B-blockers, even for 64-SCT technology
(RAE et al. 2005). Another report on 64-SCT shows
that while good image quality can be obtained in
patients with heart rates of more than 75 bpm, and in
patients with heart rates below 65 bpm, intermediate
heart rates of between 65 and 75 bpm may still be
problematic; in a number of cases, neither systolic nor
diastolic datasets yielded satisfactory image quality
(WINTERSPERGER et al. 2006a). DSCT might overcome
these limitations. Analysis of a larger number of DSCT
datasets for image quality at different phases of the R-R
interval, showed that diagnostic image quality could
be obtained in both the systolic and diastolic phases
over a wide range of heart rates (JoHNSON et al. 2006).
However, a somewhat-limited diagnostic image quality
was observed in diastolic reconstructions at heart rates
of more than 75 bpm (LEscHKA et al. 2007). Similarly
RisT et al. (2007) showed that diagnostic image quality
can be obtained in nearly all patients, independent of
the heart rate. In particular, the right coronary artery,
which is particularly prone to motion artifacts due to
its anatomical orientation and fast movement of up to
10 cm/s could be evaluated in all cases.
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Apart from high heart rates, arrhythmia remained
as a contraindication for CTA applications owing to
between-beat variations, which led to inappropriate data
sampling and resulted in severe motion artifacts (Sun
and JIANG 2006). Atrial fibrillation (AF) is the most
common type of arrhythmia, and the incidence increases
markedly with advancing age (FUSTER et al. 2007). AF
is often associated with structural heart disease. Before
initiating therapy, management of precipitating or re-

Fig.20.2a-d. Dual-source coronary CTA performed in three
patients with AF, causing an absolute arrhythmic heartbeat
during the scan. In the first patient, image quality is optimal,
and despite the absolute arrhythmia during scanning, no mo-
tion artifacts can be seen in the volume-rendered images (a, b).
In the second patient with absolute arrhythmia, a minor step

versible causes of AF is recommended. Coronary artery
disease is a cardiovascular condition associated with AF.
Also, AF patients may manifest symptoms mimicking
CAD. Therefore, the demonstration of CAD is an im-
portant issue in the management of AF patients (Sun
and JIANG 2006). As motion artifacts, owing to high
heart rates, particularly arrhythmia, impair image qual-
ity to a great extent, AF has remained as a contraindica-
tion for CTA applications. MDCT angiography was not

artifact can be seen in the midsegment of the RCA (c arrow),
but this image quality can still be considered to be assessable.
In the third patient, however, a number of step artifacts along
the course of the RCA render this dataset uninterpretable
(d arrows)
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considered as a diagnostic tool in the clinical workflow
of AF, but the improved temporal resolution achieved
with DSCT may improve the visualization of coronary
vessels in patients with AF. In a prospective study at our
institution, 56 patients with AF have been enrolled, with
the typical clinical indications for CTA:
1. Planning of radiofrequency ablations
a. Anatomy of the pulmonary veins (mapping of
radiofrequency points)
b. Stenoses of pulmonary veins before or after ra-
diofrequency ablations
2. Exclusion of CAD in patients with absolute ar-

rhythmia
a. To exclude CAD as a potential cause of the ar-
rhythmia

b. To exclude CAD before certain anti-arrhythmic
medication (e.g., class 1c¢ anti-arrhythmic drugs
such as flecainide)

3. Exclusion of intracavitary thrombi if echocardiogra-
phy is inconclusive

Assessable Segments (p<0.05)

Fig. 20.3a,b. Fifty-six patients suffering from AF and chronic
absolute arrhythmia were scanned with DSCT, and a system-
atic image quality assessment of all coronary artery segments
was performed (our data). Comparing the number of assess-
able segments performing retrospective reconstructions dur-
ing mid-diastole (i.e., at about 70-75% of the cardiac cycle),
and during end systole (i.e., at about 30-40% of the cardiac cy-
cle), it was shown that systolic reconstructions lead to a higher
number of assessable segments (87% of segments assessable)
RCA, as this vessel is moving faster than the LCA during the
cardiac cycle (b)

In this patient cohort, the mean heart rate was 78+25
(range of 30-181), and all patients had irregular heart
rates during the scan. Results were very promising: only
two patients were considered as being nondiagnostic
(4%), 39% did not show any artifacts, and in the remain-
ing 57%, artifacts were present but not hindering diag-
nosis. Figure 20.2 shows a number of cases of patients
with AF, with increasing levels of artifacts. Performing
systolic and diastolic reconstructions of the datasets (at
300 ms and 70% of the R-R interval), it could be shown
that systolic datasets yield a higher mean image quality
than diastolic data do, and that most nondiagnostic ves-
sel segments are found in the right coronary artery, as
this vessel moves most (Fig. 20.3).

In conclusion, the recently introduced DSCT tech-
nology provides better temporal resolution and mini-
mizes motion artifacts, which allows coronary angiog-
raphy at higher heart rates, even in cases of arrhythmia.
The high negative predictive value of CTA may be useful
for obviating invasive coronary angiography in patients
with AE, whose symptoms or abnormal stress test re-
sults make it necessary to rule out the presence of coro-
nary artery stenosis to guide therapy. Therefore, DSCT
has the potential to make noninvasive coronary angiog-
raphy effective in a significantly increased number of
patients and in a wider spectrum of clinical situations as
compared with earlier scanners. Larger studies will be
needed to determine if early results are reproducible.

Imaging of Myocardial Function with CT

The evaluation of global left ventricular function with
end-systolic and end-diastolic volumes and especially
ejection fraction and myocardial mass is diagnostically
important in multiple cardiac diseases. So far, param-
eters of cardiac function are routinely assessed with
echocardiography or MRI with excellent temporal and
spatial resolution. MRI is regarded as standard of ref-
erence in dynamic imaging and functional assessment
of the myocardium (WINTERSPERGER et al. 2006b). But
CT also is gaining increasing importance in cardiac im-
aging. Apart from the high clinical potential of nonin-
vasive coronary CTA with its capability to reliably rule
out significant coronary artery disease, the technique’s
inherent sharp depiction of the endocardial contours
and the improving temporal resolutions of new scanner
generations also make it possible to quantify ventricu-
lar function, adding to the value of the modality in a
comprehensive cardiac assessment. The left ventricular
functional parameters provide complementary infor-
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mation that can be derived from CTA datasets, using
a standardized coronary CTA protocol, without addi-
tional contrast or radiation exposure to the patient. The
evaluation of ventricular function has been facilitated
by various fully and semiautomated reconstruction al-
gorithms provided by several CT system vendors (Fig.
20.4). Early studies using 4-SCT and 16-SCT confirmed
that evaluation of cardiac function is feasible by MDCT
in patients with suspected or known CAD. However, a
systematic underestimation of left ventricular ejection
fraction (LV-EF) was characteristic for CT; the explana-
tion for this is the limited temporal resolution of ear-
lier CT scanners as compared with MRI. Interestingly,
64-SCT technology has already been reported to be able
to identify wall motion abnormalities in a patient popu-

MRate(bpm) Min: 50 Max 53 Avg: 52
=l F

lation with a high prevalence of CAD, e.g., after myo-
cardial infarction. Using DSCT, image reconstruction
is possible in virtually any phase of the cardiac cycle,
with a sufficiently high temporal resolution, clearly re-
vealing global and regional functional abnormalities of
the myocardium (Fig. 20.5) A recent report using DSCT
confirmed these results: the image quality ratings for the
coronary arteries, the myocardium and the heart valves
at the optimal reconstruction interval were diagnostic
even in patients with high heart rates (Rist et al. 2007).

Technically, functional CT data can be derived from
the CTA dataset, without a second scan or adaptation
of the contrast injection protocol. Even ECG pulsing
(tube current modulation) can be used (with a reduc-
tion down to 25% of the nominal current value in sys-
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Fig. 20.4a-c. Retrospective reconstruction of a multiphasic
dataset scanned with a DSCT scanner. Without exposing the
patient to additional radiation exposure or contrast material
application, a number of datasets can retrospectively be recon-
structed from any coronary CT angiographic scan if a retro-
spective gating technique is used. For example, images can be

Floace Chock ops- and 4000-
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reconstructed every 10% or every 50 ms throughout the cardiac
cycle (a). This way, an analysis of functional parameters of the
left ventricle is possible. New software tools will assist the phy-
sician by automatically performing a pixel-by-pixel segmenta-
tion of the left ventricular chamber (b), or, endo- and epicar-
dial borders can be traced manually for functional analysis (c)
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Fig. 20.5a-d. Contrast-enhanced DSCT of the heart per-
formed in a 58-year-old male patient who had suffered a large
myocardial infarction of the anterior and septal wall of the left
ventricle (i.e., the vascular supply territory of the LAD). A se-

tole). To save data storing space, functional datasets can
be reconstructed at 1-mm slice thickness (instead of 0.6
or 0.75 mm for CT coronary angiography) and with a
reduced matrix size of 256 (instead of 512). This way,
multiphase datasets can be reconstructed, e.g., every 5
or 10% throughout the cardiac cycle, resulting in 10-20
phases per R-R interval. For CT, functional evaluation
software typically uses a region growing algorithm that
quantifies the volume of voxels within certain density

lection of 4 out of 10 multiphasic datasets over the cardiac cycle
clearly shows the wall motion abnormalities (akinesia and dys-
kinesia) of the anterior and septal wall (arrows).

thresholds (e.g., between 150 and 300 HU). This proce-
dure has to be done twice, for the end-systolic and for
the end-diastolic phases of the R-R interval. The soft-
ware then traces the left ventricular wall automatically
in long-axis views, excluding papillary muscles and tra-
beculae, with the option to correct the contours manu-
ally, if necessary (Fig. 20.4).

Our results showed that DSCT data correlated well
with functional MRI data, which served as the standard
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Table 20.1. DSCT versus MRI in calculating cardiac
function

DSCT (ml)

Function MRI (ml)

EF 62+12 58+9

EDV 135+42 132+41
ESV 55+29 57427
SV 80+21 75%18

Our results from 15 patients (modified from BuscH et al.
2007). Values are means+standard deviations

of reference. EF, end systolic volume (ESV), end dia-
stolic volume (EDV), and stroke volume (SV) were cal-
culated for both modalities in 15 patients. Using DSCT,
mean EDV was 135.8441.9 ml versus 132.1+ 40.8 ml
EDV in MRI. Mean ESV was 54.9429.6 ml in DSCT and
57.6£27.3 ml in MRI, and mean SV was 80.9+ 20.9 ml
in DSCT and 74.5+18.1 ml in MRI. LV-EF amounted
to 61.6+12.4% in DSCT and 57.9+9.0% in MRI (Table
20.1). The observed nonsignificant differences between
functional parameters acquired in CT and MRI may
be caused by physiological effects due to rapid contrast
material injection and the absence of -blocker medica-

Fig.20.6a,b. A 52-year-old male patient. The multiplanar ref-
ormation (MPR) in a short-axis view clearly depicts the extent
of an inferior myocardial infarction and shows mild wall thin-
ning in a (arrow). In the same patient, the original axial image

tion in CT, as well as differences in the software used for
functional assessment.

In summary, a sufficient evaluation of the left ven-
tricular function and wall motion is feasible with CTA
datasets acquired for the examination of the coronary
arteries, thus adding a comprehensive functional aspect
to the static morphological assessment in CT and pos-
sibly rendering the modality a first choice for cardiac
imaging in a wider range of indications.

Imaging of Myocardial Infarctions with CT

Performing a standard coronary CTA, CT density val-
ues within the myocardium can give insight into patho-
logic ischemia of the myocardium, i.e., hypoperfusion
or myocardial infarction, both reflected by a reduced
CT density or hypoattenuation. Ischemic changes in the
myocardium after coronary arterial occlusion consist
of disruption of cell membrane function and integrity
and increased permeability of small vessel walls. In con-
trast-enhanced CT, the initial area of low attenuation
primarily reflects myocardial edema, i.e., a pronounced
water content of the myocardium, which is followed
by infiltration of inflammatory cells. Subsequently, ne-
crotic myocardium is replaced by fibrous and/or fatty

e PRI
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of the inferior left ventricular wall reveals a recent infarction
(<30 days), depicted as a moderately circumscribed area with
CT densities of 60-80 HU (b arrow)
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tissue, which is also characterized by a reduction of at-
tenuation in CT as compared with normal myocardium
(Fig. 20.6). In the early phase after contrast infusion,
the infarct area is detectable as a perfusion defect. Such
a myocardial perfusion defect in a standard contrast

Fig. 20.7a-d. Cross-sectional (short axis) reconstruction of
a first-pass, contrast-enhanced 16-slice coronary CT angio-
graphic dataset (a) compared with delayed-enhancement MRI
(b) of an 85-year-old male patient. In the contrast-enhanced
CT images, an extensive area of decreased attenuation is seen
in the free lateral and parts of the basal wall of the left ventricle
(a arrow). In this area of myocardium, a large myocardial in-

enhanced coronary CTA, however, is not specific for
infarctions, since similar findings can occur in cases
with severe local ischemia (but no infarction) or other
cardiac diseases causing perfusion in-homogeneities,
such as hypertrophic cardiomyopathy. Also, myocardial

farction is present, as proven my delayed-enhancement MRI
imaging (b arrow). In another patient (68-year-old, male), con-
trast-enhanced 16-SCT (c) and delayed-enhancement MRI (d)
depict an area of decreased attenuation in the CT data, seen in
the apical and anterior region of the left ventricular wall (c ar-
row). In the same area of myocardium, a myocardial infarction
is present, as proven by delayed-enhancement MRI (d arrow)
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contrast enhancement depends on a number of inde-
pendent variables, e.g., the contrast injection protocol
or the cardiac output. That is why a significant variance
of measured CT attenuation (Hounsfield units) can
been observed in normal and infarcted myocardium,
indicating that no absolute Hounsfield unit values can
be defined, but the relative measurement of normal and
infarcted tissue is the decisive factor (NIKOLAOU et al.
2004). Wall thinning in the left ventricle is one of the
indirect findings associated with the healing process af-
ter myocardial infarction. In a longitudinal CT study on
patients with myocardial infarction, the wall thickness
at the site of infarction decreased significantly over time
(N1koLAOU et al. 2005).

Various imaging modalities have been tested for
the detection and the exact assessment of myocardial
infarctions. MRI and nuclear medicine procedures
seem to be favorable, as these modalities can combine
the assessment of myocardial perfusion and function,
and are able to assess myocardial viability (Kim et al.
1999; Kitagawa et al. 2003). A number of reports on
the application of CT in patients with myocardial in-
farction have been promising, including early animal
studies (HUBER et al. 1981; SLuTsKY et al. 1983) and
experiences with EBCT (GEORGIOU et al. 1992, 1994;
SCHMERMUND et al. 1998), however, the clinical appli-
cation of CT in the diagnosis of myocardial infarctions
has not become popular thus far.

As described above, even from a standard MDCT
coronary angiography protocol, i.e., without additional
scans for the detection of late enhancement effects, and
without additional radiation dose being applied to the
patient, a variety of myocardial changes or pathologies
can be detected. Infarctions can be seen on first-pass,
contrast-enhanced datasets, evaluating CT attenuation
(Hounsfield units) and wall thickness. Abnormal focal
decrease of myocardial CT attenuation and abnormally
reduced regional myocardial wall thickness can be in-
dicative of myocardial infarction. It could be shown
that recent infarctions are more difficult to detect using
MDCT, as the decrease in Hounsfield units in the early
arterial phase or the presence of wall thinning is not as
pronounced as observed in chronic infarctions. Possible
reasons for false-positive findings with MDCT for in-
farct detection might be a variety of causes other than
infarctions that lead to perfusion defects or perfusion
irregularities, as described above. False-positive results
are typically more often detected in the posterior or
inferior ventricular wall. Several studies have reported
that CT underestimates the true extent of a myocardial
infarction (SANz et al. 2006). Figure 20.7 shows an ex-
ample of infarctions being depicted on first-pass CTA
versus late-enhancement MRI. This might be related to

patchy and subendocardial infarctions, as collateral per-
fusion in the area of infarcted myocardium can obscure
foci of necrosis surrounded by normal myocardium. In
conclusion, one should interpret infarct size as assessed
by contrast-enhanced, arterial-phase MDCT as an ap-
proximation to the true infarct size rather than as an
absolute measurement.

In several CT studies, a “delayed contrast enhance-
ment” was observed in the area of infarction (10 min
to several hours after contrast administration), primar-
ily found in recent infarctions, but also reported to be
detectable in chronic infarctions (ApaMs et al. 1976;
MAHNKEN et al. 2005, 2007; Fig. 20.8). However, detec-
tion of such delayed enhancement requires additional
scans with an increased application of the radiation
dose to the patient and prolonged examination times;
therefore, it has hardly been used in clinical routine. It
should therefore be the focus of future studies, to assess
the diagnostic power of contrast-enhanced CT for the
detection of myocardial infarctions, using the standard
protocol that is being used widely for CTA of the coro-
nary arteries. Any additional diagnostic information
that can be derived from these standard CTA examina-
tions is of considerable interest.

MDCT provides information on cardiac mor-
phology in great detail, including findings or compli-
cations related to myocardial infarctions, such as left
ventricular aneurysms, intramural calcifications, in-
tracavitary thrombi, or infarct involvement of the
papillary muscles (Fig. 20.9). Diagnostic criteria for
the detection of aneurysms on CT scans are based on
the anatomic definition, i.e., wall thinning and wall
protrusion, which differs from the traditional angio-
graphic criteria (BECKER et al. 2000). CT does not
include wall movement disturbance, while contrast
ventriculography includes both anatomic protrusion
of the left ventricle and functional disturbance of the
wall movement but does not consider localized wall
thinning of the aneurysm. Left ventricular thrombo-
sis is one of the most significant complications of myo-
cardial infarction. Two-dimensional echocardiography
as well as MRI has been validated as reliable methods
for the detection of thrombi. Using contrast ventricu-
lography, the opacification of the left ventricular cavity
precisely determines the surface area of thrombi, but the
border between thrombi and the endocardium cannot
always be identified sufficiently. MDCT allows for iden-
tification of subtle differences in attenuation of cardiac
structures and can clearly distinguish mural from free-
floating thrombi. Additionally, other possibly signifi-
cant complications after myocardial infarction, like cal-
cification of the myocardium and pericardial effusion,
are easily detected on CT images.
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Fig. 20.8a,b. If an additional late scan is performed with CT
after first-pass CTA of the heart, e.g., 15-20 min after initial
contrast administration, then late enhancement effects can also
be observed in CT, depicting infarcted myocardium. In these
pictures from an animal model, a direct face-to-face compari-
son of delayed-enhancement CT (a two upper row images) ver-
sus delayed-enhancement MRI (a two lower row images) shows
the different stages of early and chronic MI as visualized by

Fig. 20.9a-d. Typical morphologic aspects and potential se-
quelae of chronic myocardial infarctions. In a 47-year-old male
patient scanned with 16-SCT, a sharply demarcated area with
noticeable lower attenuation compared with the surrounding
myocardium as well as a significant wall thinning is seen in the
anterior left ventricular wall on the original axial CT source

MDCT and MRI. The left and right images of a were acquired
on days 7 and 28, after artificial provocation of a left ventricular
infarction. CT and MR images correlate well with the result of
the triphenyl tetrazolium chloride (TTC) staining, displaying
the exact extent of the myocardial infarction (b). (Images cour-
tesy of Andreas Mahnken, University of Aachen, Aachen, Ger-
many, modified from MAHNKEN et al. 2007, with permission)

image, which is the typical appearance of a chronic myocar-
dial infarction (a). Infarct sequelae and complications can also
be depicted by contrast-enhanced CT, such as a circumscribed
and partially calcified apical aneurysm in a 60-year-old male
patient after myocardial infarction (b MPR, arrow).
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Fig. 20.9a-d. (continued) The axial source image in the basal
part of the heart shows formation of a thrombus in an apical
aneurysm in a 64-year-old female patient, with low CT at-
tenuation (~25 HU) and an irregular surface (c arrow). Finally,

CT in the Diagnosis
of Congenital Heart Disease

New-generation MDCT technology has changed the
approach to noninvasive assessment of congenital heart
disease, in both pediatric and adult patients. This is
mainly because of rapid advances in spatial and tem-
poral resolution and in postprocessing capability. In an
increasing number of institutions, CT with multiplanar
and 3D reconstruction has become a routine examina-
tion in the evaluation of congenital heart disease plan-
ning surgery, complex interventional catheterizations,
and for follow-up. It has proved to be an invaluable
diagnostic and decision-aiding methodology in these
situations, as a complement to echocardiography or
MR], and as a potential substitute for diagnostic an-
giography. Currently, cardiac ultrasound is the most
important diagnostic modality for the examination of
cardiac structures in children. However, ultrasound is
usually insufficient for the study of certain structures
such as the coronary arteries, the aorta, and branches
of the pulmonary artery, or for systemic and pulmonary
venous structures. For visualizing these structures, both
MRI and CT provide a better diagnostic capability, as a

an MPR in a four-chamber view shows a hypodense area in the
lateral wall in a 65-year-old male patient, reflecting a myocar-
dial infarction below the papillary muscle (d arrow)

result of high-spatial resolution 3D imaging (Goo et al.
2005, 2007). While MRI has the advantage of applying
no radiation to the patient and enabling protocols more
comprehensive including functional information such
as flow gradients, CT is much faster and easier to apply,
especially in critical patients, or emergency situations,
or where a lengthy MRI including full anesthesia can-
not be performed.

In children younger than 5 years, they are unable
to achieve a 5-s breath hold. Their heart rates are high,
generally above 100 bpm. In this group of children,
good image quality is difficult to obtain, owing to re-
spiratory and cardiac movement artifacts, which are all
the more marked when the child is anxious or agitated.
The aim therefore is to acquire images as quickly as pos-
sible while the child is typically lightly sedated. This is
one major advantage of MDCT over MRI, as for MRI,
examination times are typically long (e.g., 30 min,) and
full anesthesia of the child is required, which can be a
contraindication for MRI in certain patients who are
unstable or where a timely and quick diagnosis is criti-
cal. Therefore, the primary goal is to exploit the maxi-
mal speed of the CT scan along with an optimal injec-
tion of contrast medium. ECG gating is avoided in most
cases, as it lengthens acquisition time. Contrast medium
injection and image acquisition are carefully calculated
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(typically about 1.5-2 ml per kilogram body weight of
the child) to achieve optimal image quality, either by
hand injection or with a care-bolus technique. How-
ever, even in this patient cohort with high heart rates, in
special clinical indications, coronary artery imaging can
be possible with fast CT technology such as DSCT, and
with ECG gating applied (Fig. 20.10).

For children older of 5 years of age, breath holding
with appropriate and sympathetic coaching is generally
possible. Sedation should be avoided if good coopera-
tion from the child is possible, to ensure breath hold-
ing during the acquisition period. Choice of acquisition
protocol depends above all on the malformation to be
explored. Study of the great vessels (aorta, pulmonary
arteries, systemic, or pulmonary venous return) is rela-
tively straightforward: it is carried out by fast acquisi-
tion times without ECG gating. Study of the coronary
arteries, on the other hand, is more difficult. The best
image quality is obtained with ECG-gated acquisition
in a child whose heart rate is maintained stably and
slowly by administration of a PB-blocker (<70 bpm).
In all cases, the same precautions should be taken for
contrast medium injection parameters and radiation
dose as already described. Indications for CT coronary
angiography in the diagnosis of congenital abnormali-
ties of the coronary arteries are now well established in
adults (DATTA et al. 2005). In congenital heart disease,
the coronary arteries are important if anomalous, or re-
implanted after surgery in certain circumstances (Fig.
20.10). The main advantage of CT scanning is to pro-
vide a precise description of the 3D anatomy of the cor-
onary arteries, in particular their origin and course. CT
coronary angiography is especially useful in screening

for complications after coronary reimplantation in cases
of anomalous LCA arising from the pulmonary artery
or after the arterial switch operation for transposition of
the great arteries (Fig. 20.11). Other nonradiation tech-
niques—for example, MRI—are theoretically preferable
for repeated screening examinations, particularly in
children. Nevertheless, MRI is currently limited in cor-
onary artery imaging by relatively poor spatial resolu-
tion and often-complex acquisition protocols, requiring
a long examination so that general anesthesia is often
necessary in young children (TAYLOR et al. 2005).
Currently, for imaging of the aortic arch, CT and
MRI are the preferred modalities, for example, in the
investigation of coarctation and congenital degenerative
diseases of the aorta. Being complementary to echocar-
diography, CT and MRI allow precise pre- and postop-
erative assessment of the thoracic aorta (LAMBERT et al.
2005). CT is often extremely useful for neonates with
isthmic coarctation associated with hypoplasia of the
aortic arch. It precisely identifies the site of the coarcta-
tion, determines the degree of narrowing, and, above all,
defines precisely the extent of hypoplasia of the aortic
arch, thereby assisting the choice of surgical technique.
CT is preferable to MRI for this group of children, ow-
ing to the simplicity of the examination and the rapid-
ity of image acquisition, generally less than 5 days for
neonates. For vascular rings, multiplanar and 3D re-
construction clearly demonstrates the origin and course
of the great vessels and the relationship of the vessels
to the adjacent airway (Fig. 20.12). Some authors have
suggested that MRI is the gold standard for the evalua-
tion of vascular rings (VAN Son et al. 1994). However,
MRI examination of the aorta in children younger than

Fig. 20.10a-c. DSCT angiographic data from a 4-month-old
baby suffering from a Bland-White-Garland syndrome and
having undergone reimplantation of the LAD to the aorta. De-
spite the very small cardiac structures in such a young child
and a very high heart rate of 144 bpm during the scan, the im-

ages show an excellent, motion-free visualization of the anasto-
mosis between the LAD and the aorta, proving patency of the
coronary artery and obviating the need for an invasive cardiac
catheterization. a, b MPR of the LAD (arrows), ¢ volume ren-
dering of the thorax displaying the course of the LAD (arrow)




New Indications for Cardiac CT

265

Fig. 20.11a-c. A 5-year-old male patient with a complex
congenital heart disease. In patients in whom MRI is not fea-
sible for a number of potential reasons, e.g., in unstable pa-
tients who cannot undergo a lengthy MRI scan lasting up to
60 min, MDCT offers a simple, fast, and noninvasive diagnostic
approach, visualizing complex morphological features with a
very high spatial resolution in a scan time of 5-10 s, however,

7 years requires profound sedation or general anesthe-
sia. Thus, for practical reasons, MRI is typically used to
study older children, who can hold their breath repeat-
edly during an examination that takes about 30 min.
Concluding, MDCT undoubtedly represents a
major advance in the imaging of congenital heart dis-
ease. Its application to small children, in particular, is
promising, due to the ease and speed of acquisition
and 3D imaging with high spatial resolution. However,
it is equally true that for a large number of simple and
common malformations, such as atrial septal defects

done so by applying ionizing radiation and iodinated contrast.
In this patient scanned with a 64-SCT scanner, a transposition
of the great arteries can be seen, with the aorta arising ventrally
to the pulmonary trunk (a arrow). Also, a large ventricular sep-
tum defect is depicted (b, arrow), as well as a hypo-plastic left
cardiac chamber (c arrow)

or ventricular septal defects, echocardiography is suffi-
cient for complete definition of the disease, and cardiac
catheterization as well as MRI can provide essential he-
modynamic data. Efforts should be made to minimize
radiation dose, particularly in children for whom re-
peated examinations are necessary. CT examinations in
children should generally be performed at low kilovolt-
age (80-100 kV). It is too early yet to regard MDCT as
a substitute for invasive angiography or MRI, although
this modality seems to be an important adjunct to cur-
rent imaging techniques in CHD.

Fig. 20.12a-c. A 9-month-old boy with a double aortic arch,
suffering from an increasing stridor and dyspnea, scanned with
a 64-SCT scanner. On the axial source image, the two portions
of the aortic arch embracing the trachea can clearly be seen (a

arrows). The coronal MPR clearly shows the stenosing effect
of this double aortic arch, compressing the trachea (b arrow).
The 3D volume-rendered image gives a good overview of the
complex cardiovascular anatomy in this patient (c)
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Conclusion

In conclusion, MDCT of the heart is a promising tool
for cardiac imaging for a number of clinical indica-
tions. So far, it has mainly been used for morphological
imaging, in particular for noninvasive angiography of
the coronary arteries. However, a number of new in-
dications are on the horizon, such as functional imag-
ing, viability imaging, or imaging in congenital heart
disease. While not all of these indications will be used
in everyday clinical routine—partly because there are
other imaging modalities of choice and partly because
MDCT has some inherent drawbacks such as radia-
tion exposure or application of iodinated contrast—the
clinical value of these techniques might be significant
and implementation in clinical routine will be tested in
futures studies (Table 20.2). Today, even in patients with
AF, new scanner technologies such as DSCT enable
noninvasive imaging of the coronary arteries with a suf-
ficiently robust image quality. Furthermore, performing
standard, arterial-phase CTA of the coronary arter-
ies can provide important additional information on
the myocardium, including the possibility of detecting
myocardial infarctions, with information on infarct size
and age. The simultaneous depiction of the coronary ar-
teries in considerable detail provides the opportunity to
allocate the infarct area to the specific vascular supply
territory. Future developments in postprocessing soft-
ware will enable the assessment of global and regional
myocardial function from MDCT datasets. These find-
ings underscore the clinical value of contrast-enhanced
cardiac MDCT, delivering noninvasive angiographic
images of the coronary arteries and considerable infor-

Table 20.2. Synopsis: new indications for cardiac CT

mation on the myocardium at the same time. Finally,
3D imaging obtained with the latest generation of CT
scanners represents a real advance in the morphological
study of cardiovascular malformations in children. In
the near future and for dedicated indications and clini-
cal requirements, CT could be established as an impor-
tant new modality—besides echocardiography, cardiac
catheterization and cardiac MRI—in the assessment of
congenital heart disease.
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ABSTRACT

Both modalities, CT and MRI, have competed
with each other in recent years to get to the ulti-
mate goal: a one-stop-shop for comprehensive
information on one’s heart status. This race led to
sophisticated technical innovations on both sides
but has not yet succeeded, and it unlikely will. At
present, the patients clinical history is the most
important information and basis for choosing the
appropriate modality. As shown by many recent
studies, cardiac CT allows for a reliable exclusion
of significant CAD in proper patient populations,
based on its constantly high NPV. In addition to
this application, the assessment of bypass patency
and even the morphologic evaluation in congeni-
tal heart disease (CHD) may be clinically relevant.
MR is the modality of choice in any functional
aspect of cardiac imaging, whether focusing on
cardiac and valvular function or perfusion. Based
on its imaging toolbox, it may also be applied in
patients with advanced CAD and even more im-
portantly, in the differential diagnosis of the wide
variety of nonischemic cardiac diseases. Cardiac
MR covers a substantially wider range of diseases
than CT; suspicion of CAD though, a key indica-
tion for cardiac CT makes the largest share of all
cardiac patients.

Introduction

Noninvasive cardiac imaging has substantially emerged
within recent years and is being included in clinical rou-
tine assessment of various cardiac diseases. In particu-
lar, the fast technical innovations of MDCT and MRI
have pushed the envelope for noninvasive diagnosis of
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a wide variety of cardiac diseases. At present though,
neither modality by itself can perform a one-stop-shop
exam to provide the entire range of morphologic and
functional information that can potentially be gathered
by a combination of both exams. There are also aspects
and information that can exclusively be shown and
evaluated by only one of both modalities. The following
chapter focuses on the strength and limitations of both
noninvasive modalities, based on a variety of applica-
tions as well as on clinical situations.

Imaging Techniques

21.2.1
Basics of Cardiac CT

Techniques of cardiac imaging based on CT are fo-
cused on in more detail in other chapters of this book,
dedicated to cardiac CT only. However, with respect to
some sections of this chapter, a few aspects need to be
addressed.

The technique of cardiac CT based on MDCT scan-
ners evolved in 1998, based on four-slice imaging tech-
nology. This new technique was soon picked up in or-
der to focus on coronary CT imaging. The use in other
applications followed later. Detailed imaging of the
coronary arteries and other subtle intracardiac struc-
tures has long been limited to heart rates of ~70-80
or less. Heart rates in newborns and infants though
are well beyond that range, and therefore the applica-
tion of MDCT to assess cardiac structures has been
limited. Only with the development of faster scanner
techniques and thinner-slice collimation has this limit
has been overcome. With regard to functional assess-
ment, MDCT techniques were limited in accuracy be-
fore the advent of Dual-Source CT (DSCT), based on
its mediocre temporal resolution in relationship to the
speed of the beating heart. A major aspect of cardiac CT
within recent years has been the discussion on its ra-
diation dose issues. The most often-applied technique
of cardiac MDCT is based on the use of retrospective
ECG gating, and therefore the patient is exposed to a
substantial amount of redundant radiation even when
major dose-saving strategies are employed (JAKOBs et
al. 2002). A new era may be initiated by the use of pro-
spective ECG-triggered modes in contrast-enhanced
cardiac CT imaging, a technique that has only recently
become available with adequate image quality.

Imaging of the great vessels has been a standard ap-
plication now for many years with MDCT scanners, and

this technique typically is applied without ECG-related
acquisitions and therefore applies substantially less ra-
diation to the patient. In assessment of congenital heart
disease (CHD), these techniques allow adequate mor-
phologic information about the pulmonary circulation
and the thoracic aorta. The application of dual-energy
CT may even give information on blood-volume distri-
bution, a valuable aspect in disease of the pulmonary
vessels (JoHNSON et al. 2007).

21.2.2
Basics of Cardiac MRI

Compared with CT techniques, MR methods have been
in use for cardiac assessment since the 1980s. Technical
development within recent years and the competition
with MDCT though have further pushed the clinical
use of cardiac MRI. Based on the fundamental technol-
ogy properties, the spectrum of possible applications in
cardiac MR has always been substantially wider than
that of cardiac CT. While the various application of the
latter technology is somewhat based on a general acqui-
sition technique with variations in data reconstruction,
MRI covers the various aspects of cardiac physiology
and pathophysiology, based on substantially varying ac-
quisition techniques.

While “morphologic” MRI with regard to mass as-
sessment, detailed soft tissue differentiation, and car-
diac morphology, is mainly carried out on T1-weighted
or T2-weighted fast spin-echo (FSE) techniques, the
majority of today’s applications is covered with the use
of gradient-recalled-echo (GRE) techniques.

While the high soft tissue contrast in MRI allows
acquiring detailed information in many applications
even without the application of Gd-chelate-based con-
trast agents, the assessment of mass vascularization and
myocardial perfusion is linked to the use of Gd chelates.
Also, the assessment of various myocardial diseases and
myocardial viability is increasingly performed with the
use of contract enhancement (VOGEL-CLAUSSEN et al.
2006).

Although being generally based on GRE techniques,
the various clinical applications differ substantially. The
major applications of GRE techniques include analysis
of cardiac function, using cine techniques, assessment
of blood flow based on cine phase-contrast (PC) se-
quences and myocardial perfusion, as well as delayed
contrast enhancement imaging. These different applica-
tions are discussed separately within the clinical aspects
of cardiac CT and MRI.

The vast majority of currently used techniques is
based on ECG gating with segmented data acquisition
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schemes and therefore requires a somewhat regular si-
nus rhythm. The ongoing developments in MR technol-
ogy including the application of higher field strength
(e.g., 3 T), the use of parallel imaging techniques, and
new coil developments enable the use of real-time data
acquisition. However, these techniques still exhibit some
limitations with regard to temporal and spatial resolu-
tion, and therefore are to be considered alternatives in
cases in which standard techniques are not applicable or
fail for various reasons (e.g., arrhythmia, limited patient
compliance).

Spectrum of Examinations

Cardiac CT and MRI allow for a variety of applications

that typically focus on different aspects of cardiac func-

tion and morphology. The major applications are:

¢ Cardiac and coronary morphology

® Global, regional, and valvular function

® Myocardial perfusion

® Delayed myocardial enhancement imaging for as-
sessment of myocardial viability and other myocar-
dial diseases

¢ Cardiac and vascular flow imaging

As mentioned earlier, not every single aspect may be
covered by both modalities, and further details are dis-
cussed separately.

21.3.1
Imaging of Cardiac Morphology

Reliable and accurate imaging of cardiac morphology
is of outmost importance in patients with CHD as well
as cardiac masses. In the majority of CHD patients, ini-
tial diagnosis is accurately based on echocardiography,
potentially complemented by catheter-based pressure
level measurements. However, in complex diseases, ad-
ditional cross-sectional imaging may be of substantial
benefit for further therapeutic planning and prediction
of patient outcome. This additional information may
focus on morphologic information such as detailed
anatomy of, especially, extracardiac structures such as
pulmonary vessels or aortic changes. In particular, cath-
eter-based imaging of the pulmonary vasculature may
be extremely complicated if not almost impossible. In
cases in which only static imaging information is of in-
terest, both techniques, cardiac CT or MRI, may be per-
formed (PrRAKASH et al. 2007). Imaging of blood-flow
dynamics though can only be revealed by cardiac MRI
(see below). Beside the application of flow-sensitive
techniques (phase-contrast techniques) to quantitatively
assess blood flow within dedicated preselected vascula-
ture, recently improved dynamic MRA techniques ob-
tain an overview on gross central circulation (Figs. 21.1,
21.2). This is especially of added value for further plan-
ning of dedicated MR examination techniques. While
MRI enables assessment of CHD without radiation ex-
posure, the examination is somewhat time-consuming
and necessitates adequate sedation or even anesthesia.
In unstable infants or children, therefore, cardiac CT is

Fig. 21.1. Different frames (MIP reconstructions) of a dynam-
ic MRA data set in a patient with suspicion of aortic coarcta-
tion. The frames demonstrate the consecutive contrast filling

of the pulmonary vasculature, followed by the ascending aorta,
the extensive collateral vessels, and the descending aorta (ar-
row: internal mammary artery)
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Fig. 21.2. Single-phase MIP reconstructions (different views) of the same dynamic MRA as shown in Fig. 21.1, demonstrating

a total isthmic occlusion

more and more commonly performed to keep examina-
tion time as short as possible (Fig. 21.3).

Although being less commonly performed, assess-
ment or exclusion of possible cardiac masses is a prime
time indication for cardiac cross-imaging techniques.
While screening for masses is typically performed using
echocardiographic techniques, MR and CT techniques
are commonly used for further workup of masses or in-
conclusive echocardiographic findings. While CT basi-
cally allows for higher spatial resolution with regard to

pixel size and slice thickness (~1-2 mm), MR shows its
major benefits with its high soft tissue contrast, which
potentially substantially narrows the differential diag-
nosis. In some masses such as cardiac lipomas or fibro-
mas, MR may even allow a final diagnosis. The ability
to evaluate contrast agent dynamics may aid in predict-
ing tumor vascularization and differentiating cardiac
masses and pseudolesions such as cardiac thrombi
(Fig. 21.4). In the setting of disturbances of blood flow
such as myocardial infarction with wall motion abnor-

Fig. 21.3. MDCT angiography in a 9-month-old infant with sudden onset of dyspnea and unstable hemodynamic situation
demonstrates a double aortic arch (arrows), which leads to intermittent tracheal constriction. CT imaging was performed using
short sedation without breath holding
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Fig. 21.4. Comparative CT and MR images in a patient after cardiac transplant, with suspicion of an atrial
mass. Plain and postcontrast T1-weighted images demonstrate a mass (arrow) at the posterior wall, which is
also shown by contrast-enhanced CT. Dynamic MR perfusion imaging prove the lack of contrast enhance-
ment consistent with a partially calcified atrial thrombus

malities or cardiac rhythm distortion, when thrombotic  cases necessary, CT enables also an easy follow-up, and
clots are likely and differential diagnosis is somewhat overall CT has proven to be almost as accurate as TEE
less important, cardiac CT gives fast and reliable con-  while being less invasive (Kim et al. 2007).

firmation or exclusion of abnormalities (Fig. 21.5). In

Fig. 21.5. Coronary CTA data sets of two different patients with apical clot formation (arrows) due to wall motion abnormalities

after myocardial infarction




274

B. J. Wintersperger

21.3.2
Imaging of Coronary
Anatomy and Morphology

Technical innovations of MDCT within recent years
have almost exclusively been driven by coronary CT
imaging, with the ultimate goal to reliably assess reli-
ably coronary artery morphology. Based on several ma-
jor studies, it has been proven that coronary CTA espe-
cially allows a reliable exclusion of significant coronary
disease based on its constantly high NPV, ranging from
90 to 98%. With the constant improvement of spatial
and especially temporal resolution, overall accuracy
improved and the number of nonassessable coronary
artery segments substantially decreased (MATT et al.
2007; SCHERTLER et al. 2007). With the advent of DSCT
imaging, consistently high image quality can also be
achieved at high heart rates, so pharmacologic (e.g.,
B-blockers) premedication to lower heart rates is there-
fore not longer necessary.

Although coronary imaging using MRA techniques
has been developed and evaluated for many years, all
techniques failed to compete with CT techniques after
the advent of coronary MCDT angiography. Recent
comparative studies of coronary MRA have mainly fo-
cused on patient populations with heavy calcified coro-
nary arteries and demonstrated a higher specificity for
MRA at comparative sensitivity (L1u et al. 2007; OzGUN
et al. 2007). This aspect though represents only a niche
indication. The assessment of coronary anomalies in
children may also represent a niche indication, as MRA
techniques are still not yet suitable to compete with
coronary CTA in the vast majority of patients. Further
aspects of coronary CT techniques, applications, and
clinical indications will be elucidated more thoroughly
in other chapters.

21.3.3
Assessment of Cardiac
and Valvular Function

As adequate cardiac function is of major importance
in order to maintain proper hemodynamics, the non-
invasive evaluation of functional parameters has long
been a focus of imaging techniques. Based on its accu-
racy, reliability, and reproducibility, MR cine imaging
is the current standard of reference in assessing global
and regional cardiac function (SEMELKA et al. 1990a,b;
ROMINGER et al. 2000). Reliable global functional pa-
rameters though necessitate adequate temporal resolu-
tion of imaging techniques. Based on the fast volumetric
changes during the cardiac cycle and the short period of

isovolumetric relaxation (least ventricular volume) and
contraction (maximal ventricular volume), temporal
resolution needs to be at least in the rage of 50ms or
better (SETSER et al. 2000). As segmented cine MR tech-
niques can be adjusted for temporal resolution (number
of lines/segment), these techniques can easily meet this
criteria and potentially allow substantially better tem-
poral resolution. Functional evaluation in cardiac CT
imaging has been made available based on retrospective
ECG-gated data acquisition. While for coronary CTA,
retrospective gating is only been used for optimization
of image quality at a single time point within the car-
diac cycle, functional CT necessitates data reconstruc-
tion throughout the entire cardiac cycle. The temporal
resolution of CT techniques has emerged within recent
years. Based on the used data reconstruction techniques
though, a stable and constant temporal resolution can-
not exceed certain limits. With the use of single-de-
tector CT scanner, the temporal resolution meets half
the time necessary for a full 360° rotation. At a maxi-
mum possible rotation speed of 300 ms, this technique
enables a temporal resolution of 150ms. With dual-
source scanners, the temporal resolution can be further
reduced to a quarter of a full rotation, which reaches
83 ms at 330 ms/360° rotation speed. While earlier com-
parative studies of CT and MR demonstrated offsets of
functional CT data especially regarding ESV and thus
also affecting EF, initial results of dual-source CT scan-
ners showed more accurate results when compared with
MRI (BRODOEFEL et al. 2007).

Regarding initial data acquisition, CT and MRI are
based on different strategies. While cine MR-based
data sampling is based on acquisitions along the vari-
ous cardiac axis, ECG-gated CT samples a 3D volume,
with an original transverse slice orientation and pos-
sible secondary reconstruction along the cardiac axis.
The latter is of major importance for evaluation of re-
gional wall motion according to the AHA segmental
classification (CERQUEIRA et al. 2002). The ability of
cardiac CT to evaluate cardiac function though is op-
posed to the efforts of dose-saving strategies to reduce
patients’ radiation exposure (JaAkoBs et al. 2002). The
application of modern dose-modulation strategies may
reduce the systolic tube current to a level as low as only
~4% of the nominal value. While this does not affect the
quality of coronary artery reconstructions (mainly in
diastole,) functional evaluation during systole may be
substantially hampered or even impossible (Fig. 21.6).
With the use of even prospective triggered cardiac CT
imaging techniques, functional information cannot be
processed anymore based on the same data acquisition,
but requires an additional sampling with added radia-
tion and the use of additional contrast agent.
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Fig. 21.6. MDCT cine imaging with ECG pulsing for reduc-
tion of radiation. The upper row demonstrate normal pulsing
with 20% dose in systole, while image quality (right) still allows

Acquired heart disease is often related to valvular
pathologies, most often affecting the mitral and aortic
valves. Deterioration of global functional parameters
and possible subsequent heart failure may follow, based
on constant pressure or volume overload. MRI has long
been used in the assessment of stenotic and regurgitant
valvular disease. Cine and PC flow imaging techniques
are able to evaluate the relevant information to ade-
quately assess and grade stenotic, regurgitant, or com-
bined valvular disease (DJjAVIDANI et al. 2005; GELFAND
et al. 2006; POULEUR et al. 2007a). In evaluation of
stenotic disease, two major approaches may be applied:
1. Measurement of the valve orifice area
2. Estimation of the maximum pressure gradient based

on peak velocity measurements (or assessment of

maximum acceleration)

The latter technique, unique to MRI, can easily be

applied without the application of contrast agent

(Fig. 21.7). The accuracy of PC-based velocity and flow

assessment using through-plane PC imaging is related

to the following factors:

e Perpendicular position of the slice in relation to the
vessel of interest (proportional to the cosine of the
angular offset)

cardiac assessment. Images in the lower row have been acquired
with MinDose protocol, lowering the radiation to only 4% with-
in systole. Systolic image quality though is nondiagnostic

e Correct velocity encoding gradient (VENC) ad-
justed to the estimated maximum velocity (possible
detectable phase shift: (—m)—m)

The commonly used estimation of pressure gradients is
based on the modified Bernoulli equation (AP = 4V?),
while a more accurate technique would be the appli-
cation of the Navier-Stokes equations. However, this
would necessitate a higher temporal resolution of PC
cine techniques, which would substantially prolong data
acquisition (exceeding breath-hold periods). The appli-
cation of PC cine techniques not only allows assessment
of forward flow, but also enables the assessment of flow
in the opposite direction and thus the quantification of
regurgitant volumes.

The measurement of valve orifice area (most of-
ten applied for aortic valve disease) can be applied to
both techniques, CT and MRI. Based on systolic im-
ages within the valvular plane, the outline of the valve
orifice can be traced to evaluate the orifice area. The
results of both methods show close correlation in com-
parison to echocardiography (FEUCHTNER et al. 2006b,
2007; POULEUR et al. 2007b). The measurement of the
residual opening area in the setting of valve closure has
also been used in CT imaging in order to assess and




276

B. J. Wintersperger

grade valvular insufficiency (ALKADHI et al. 2006, 2007;
FEUCHTNER et al. 2006a). The regurgitant flow and vol-
ume though cannot be assessed with CT techniques.
Although both cross-sectional modalities can be
used in valvular diagnosis, the direct visualization and
assessment of the valvular leaflets or cusps is still a do-
main of echocardiography, based on its outstanding
high temporal resolution and real-time capabilities. As
already mentioned above, valvular diagnosis in CT may
be hampered by dose-saving strategies, and with the ad-
vent of prospectively ECG-triggered data acquisition, it
is unlikely that it will play a clinical role in the future.
The assessment of valvular calcification may be of sig-
nificant benefit in the setting of valve repair planning.

Fig.21.7.a,b PC flow imaging in a 14-year-old girl with
suspicion of aortic stenosis. The magnitude image (a) of
the though-plane flow quantification shows an inadequate
opening of the aortic valve at peak systole, with a markedly
reduced aortic valve orifice (arrows). Peak velocity quanti-
fication (b) of the data set shows a substantially accelerated
outflow at 435 cm/s, equivalent to a ~76-mmHg pressure
gradient. The peak velocity curve also shows a negative
velocity during diastole (arrowheads) consistent with aortic
regurgitation

21.3.4
Myocardial Perfusion Imaging

CAD is mainly based on atherosclerotic wall disease.
Significant narrowing of the coronary vessel lumen re-
duces the coronary blood flow and may cause myocar-
dial ischemia with its pathophysiologic changes and its
potential symptoms. The morphologic degree of stenosis
though not necessarily shows a strong correlation with
its hemodynamic significance, its affects on coronary
blood flow, and myocardial perfusion. In complex and
eccentric coronary stenosis, these parameters might di-
verge. Thus, the most accurate way to adequately prove
the potential relevance of coronary stenosis is not its
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morphologic assessment but the assessment of coronary

blood flow and myocardial perfusion (WiLsoN 1996).
SPECT and PET imaging of myocardial perfusion

have been used now for many years to assess myocar-

dial perfusion and hemodynamic significance of coro-

nary lesions. Although these techniques are still in use

for clinical routine assessment, they also suffer from

limitations:

® Application of radiation (radiotracers)

¢ Limited spatial resolution

¢ Time-consuming examinations

¢ Limited availability and costs of especially PET im-

aging

MRI allows the dynamic imaging of a contrast agent bo-
lus through the cardiac chambers and the myocardium.
In order to simulate physiologic stress levels, MR perfu-
sion imaging is commonly performed at rest and during
pharmacologic stress testing (e.g., adenosine infusion).
Myocardial ischemia as a proof of significant coronary
stenosis or even occlusion can easily be differentiated
from normal perfused regions, based on a delayed and
reduced contrast agent arrival. The use of quantita-
tive analysis may even allow for absolute assessment of
myocardial perfusion with good correlation to reference
standards (AL-SAADI et al. 2001; NAGEL et al. 2003).
Many studies support the efficacy of MR perfusion im-
aging in comparison to invasive coronary catheteriza-
tion or nuclear medicine studies in clinical scenarios,
with sensitivities and specificities ranging from 85 to
90% compared with coronary angiography (ScHwIT-
TER et al. 2001; NAGEL et al. 2003). Data from most re-
cent studies suggest that the use of higher field strength
(e.g., 3 T) further meliorates and improve results of MR
myocardial perfusion imaging, mainly based on the
improved signal-to-noise and contrast-to-noise lev-
els (CHENG et al. 2007; THEISEN et al. 2007). With the
further development of straightforward postprocessing
algorithms that may even allow absolute quantification,
MR perfusion imaging may replace SPECT and PET in
daily routine application of myocardial perfusion as-
sessment. This is not only based on the MR perfusion
application, but also on the overall detailed insight into
various pathologies.

CT perfusion techniques have been established in
the assessment of brain perfusion for early detection of
ischemic stroke. However, in the setting of a periodi-
cally fast-moving structure with overlaying additional
respiratory motion, CT techniques have also been used
for dynamic contrast agent studies of the heart to evalu-
ate myocardial perfusion. These early studies though
have been based on EBCT, with the lack of rotating gan-
try parts and thus enabling a fast-rotating X-ray beam.

MDCT techniques are currently under investigation

with respect to myocardial perfusion imaging and show

close correlation to microsphere data (GEORGE et al.

2006, 2007). With respect to real CT perfusion imag-

ing with dynamic contrast agent tracing, the following

facts may currently restrict the use to scientific evalua-

tion only:

® Currently insufficient myocardial coverage, depend-
ing on the scanner configuration (may be solved
with upcoming generations)

¢ Noncardiac axis-oriented acquisition with hindered
assignment to coronary territories

® Necessity of prolonged contrast agent tracing with a
substantial cumulating radiation dose

The principle of todays myocardial perfusion imag-
ing techniques, no matter what modality actually be-
ing used, is based on the comparison of stress and rest
studies. This strategy actually reliably differentiates per-
sistent from reversible myocardial perfusion deficits.
Application of this principle to CT techniques would in
addition double the radiation dose. Overall, these cur-
rent limitations prohibit CT dynamic perfusion imag-
ing being used in clinical applications.

However, several clinical studies have reported the
ability of CT to delineate myocardial hypoperfusion
(N1KOLAOU et al. 2004). These data though are mostly
gathered based on CT coronary angiography data sets,
with constant contrast agent supply. The given informa-
tion resembles myocardial blood distribution but does
not give detailed information on myocardial perfusion.
In nonacutely injured and ischemic myocardium, myo-
cardial blood-volume parameters may be normal while
myocardial blood flow is impaired, with the conse-
quence of a prolonged myocardial mean transit time.

21.3.5
Delayed-Enhancement Imaging

Delayed-enhancement (DE) imaging refers to assess-
ment of the myocardium and other structures several
minutes after the intravenous application of contrast
agents. The technique was first described by HicGIins
et al. (1979) almost 30 years ago and surprisingly not
for MRI, but with the use of CT techniques. The over-
whelming success and today’s widespread use of this
technique though is based on its application to MRI
techniques. Based on its systematic evaluation and clin-
ical correlation, together with the development of new
imaging techniques, DE imaging has rapidly emerged
as standard of reference with regard to the assessment
of myocardial viability (Kim et al. 1999; 2000; SIMON-
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ETTI et al. 2001). This technique has further pushed the
envelope for cardiac MRI in a routine setting and based
on the high spatial resolution of DE imaging, results
have been shown to be even superior SPECT and FDG-
PET with respect to subtle, nontransmural infarctions
(HunoLD et al. 2002; WAGNER et al. 2003).

With the advent of multidetector row techniques,
CT has picked up DE again. Several studies have fo-
cused on comparison to DE-MRI and on the optimiza-
tion of imaging techniques. Based on animal studies, it
has been shown that DE-CT imaging basically has the
same potential in delineation of myocardial viability
(AMADO et al. 2006; et al. GERBER 2006; LARDO et al.
2006). The clinical application of this technique though
is hampered by the following factors:

e Additional radiation exposure with the use of a de-
layed scan after coronary CTA

® Necessity of high-contrast agent amounts to enable
reasonable CNR

In order to improve contrast-to-noise ratio (CNR) of
infarcted myocardium and to simultaneously reduce
the radiation exposure, the use of lower tube voltage
has been proposed (MAHNKEN et al. 2007). The clinical
usefulness though is still questionable.

In recent years, the application of DE-MRI has been
substantially broadened by its application to nonisch-
emic myocardial diseases. The high CNR of DE-MR
techniques even enables depiction of subtle intramyo-
cardial foci and therefore has been given further in-
sight in the differential diagnosis of myocarditis and
various cardiomyopathies (HuNoOLD et al. 2005; VOGEL-
CLAUSSEN et al. 2006). In some entities, specific features
of DE imaging have been described, substantially nar-
rowing the range of differential diagnosis and thus en-
abling fast-track therapeutic decisions or even possible
prediction of patient risk and outcome (MooN et al.
2003; VOGELSBERG et al. 2008). The application of DE-
CT imaging to this detailed insight into these nonisch-
emic diseases is mainly hampered by its ability to depict
subtle changes in contract enhancement.

Clinical Scenarios and Decisions

21.4.1
How to Choose the Appropriate Modality?

The above-mentioned discussion on the various tech-
niques of each modality is somewhat theoretical and
needs to be applied to real clinical patient scenar-

ios. The clinical presentation and history of patients
is extremely variable, and in many cases does not
match the typical ones. However, the clinical infor-
mation is of outmost importance with regard to fur-
ther patient workup, with the ultimate aim to come
to an accurate and fast diagnosis at reasonable costs.
As both CT and MRI are two powerful tools in non-
invasive cardiac imaging, which both also show limita-
tions, the correct choice is of major importance. In some
cases, even the use of both modalities may add valuable
information and allow a more precise triage of disease.

In general, cardiac MRI shows a wide variety of
clinically applicable techniques, while CT techniques
are somewhat limited in their application. As the ma-
jority of symptoms and patients though are related to
CAD, cardiac CT imaging still may cover a large patient
population.

The following discussion is given to offer further in-
sight into major clinical applications, with a dedicated
focus to ischemic heart diseases.

21.4.141
Imaging of CAD

As discussed above, coronary CTA is the tool to be
used in patients presenting with a low to intermediate
pretest probability of CAD. The exclusion of coronary
changes reliably rules out CAD as the underlying cause
of symptoms (high NPV). The technique may even re-
place coronary angiography in the setting of prethera-
peutically planning of surgery in noncardiac diseases or
add on information in other diseases. Cardiac MRI has
attempted to improve further coronary MRA, but the
best possible techniques today are still inferior to coro-
nary CTA.

With the advent of prospectively triggered high-
resolution coronary CTA that substantially reduces
radiation exposure, even its application in assessment
of coronary anomalies in a young patient population is
justified.

In cases of positive findings (e.g., atherosclerotic
wall changes, stenosis) in coronary CTA, further
workup of patients is inevitable, as clinical cardiac CT
is limited exclusively to image morphologic changes.
Cardiac MRI may be suitable for further workup to
identify the hemodynamic significance of CT detected
coronary stenosis or even myocardial changes (e.g., si-
lent infarctions).

Imaging of patients in the setting of known coronary
disease substantially differs from the initial CT-based
CAD diagnosis. Patients may have undergone surgical
procedures (CABG) or interventional revasculariza-
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Fig. 21.8. High-resolution coronary CTA demonstrates an occluded (arrow) RCA and a tortuous LAD with collateral vessels
(arrowheads) to the distal right coronary artery territory and inferior wall

tion (percutaneous transluminal coronary angioplasty
[PTCA], stents), and thus the assessment is somewhat
more complex. Patients may also have developed col-
lateral vessels in order to provide blood supply to terri-
tories distal to severe stenosis or even occlusion. While

CT may be able to demonstrate those collateralized ter-
ritories, it cannot provide further information on the
quality of collateral blood flow (Fig. 21.8). MR perfu-
sion imaging can prove whether collateral blood flow
is sufficient or insufficient (Fig. 21.9). In cases of recur-
rence of chest pain in patients post-CABG, CT bypass
CTA is perfectly suited to assess bypass graft patency
(Fig. 21.10); the judgment of the native vessels though
is substantially hampered by the fact that coronary ves-
sels may exhibit an accelerated atherosclerosis and cal-
cification. In addition, CTA is limited in its accuracy in
small distal coronary segments. Early after CABG, CT
assessment of bypass patency may be of clinical value.

Fig. 21.9a,b. MR perfusion data (a) and conventional coronary angiography (b) of a 63-year-old female patient who
presented with angina. While MR perfusion at rest (upper row) showed homogeneous contract enhancement, during ad-
enosine stress, a hypoperfused area in the inferior wall is evident (arrowheads). The corresponding catheter examination
shows a left main contrast injection with a late opacification of the RCA (short arrows) parallel to the left circumflex artery
([LCA] long arrow), which is filled via collaterals in the setting of ostial RCA occlusion
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Fig. 21.10a,b. CTA of coronary bypass grafts. a Cross-sectional image of a patent saphenous vein graft
(arrows) exhibiting severe calcified wall changes. Data of another patient (b) who presented with acute
chest pain shows two venous grafts, with thrombus formation (small arrows) and total occlusion of one

graft (arrowhead)

Fig. 21.11a-c. Comprehensive MR assessment of the cardiac
status in a patient after myocardial infarction. a Cine imaging
demonstrates normal end-diastolic thickness of the LV wall,
while (b) myocardial perfusion (at rest) shows an extensive
hypoperfusion within the anterior and anteroseptal LV wall

(arrowheads). ¢ Delayed enhancement imaging confirms a
large transmural infarction, which also shows large areas with
microvascular obstruction that do not show enhancement sur-
rounded by enhancing nonviable myocardium (arrows)
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Fig. 21.12a-c. CTA (a) data set in a patient after stent place-
ment and recurrence of chest pain. MPR of the RCA shows
a patient stent within segment 2 and multiple lesions with
unknown hemodynamic significance in the distal RCA. MR

In long-term follow-up when also changes of native ves-
sels may have occurred (de novo stenosis), CT cannot
perform an accurate triage of the patient.

The primary goal of noninvasive imaging tools in
this patient population is the assessment of myocardial
blood supply, which can be readily assessed by applica-
tion of MR perfusion imaging. In combination with DE
imaging and cine MRI, a comprehensive assessment of
patient status is feasible including the extent of revers-
ible perfusion deficits, the extent of infarcted myocar-
dium, and the overall functional status (Fig. 21.11).

In patients after stent placement and recurrence of
symptoms, the use of CTA also may be only of limited
value. Assessment of overall stent patency can reliably
be performed; the detailed insight into the stent though
is heavily dependent on the stent type and design (Rist
et al. 2006; Das et al. 2007; HECHT et al. 2008). Applying
MRI in these cases may allow insight into the functional
status including possible de novo stenosis and collateral
coronary flow (Fig. 21.12).

21.4.1.2
Imaging of Nonischemic Cardiac Disease

Although ischemic disease makes up a large proportion
of the overall patient population, there is a stunning va-
riety of other cardiac diseases that also need to be ad-
dressed in noninvasive diagnostic procedures. This va-
riety include diseases such as the entire range of CHD,
the widespread range of cardiomyopathies and inflam-
matory diseases, and cardiac tumors.

perfusion (b) demonstrates inferior wall hypoperfusion (short
arrows) at stress (upper row) caused by a significant stenosis
(arrowhead) proven in the cath lab examination (c)

As mentioned above, cardiac CT is somewhat lim-
ited as it “only” allows the clinical application of CTA
techniques, possibly in combination with plain scans
for identification of calcifications or delayed scanning
to assess mass contrast agent uptake. MRI provides a
much more sophisticated range of applications that
may rule out or confirm clinical suspected pathologies
or may narrow the list of differential diagnosis; in some
cases, MRI may even be able to demonstrate features
specific for a certain pathology and therefore yield a
final diagnosis.

Cardiomyopathies and Inflammatory Disease

As already pointed out earlier, DE imaging techniques
assess differences in the myocardial texture and com-
position based on differences in contract agent wash-in,
distribution, and wash-out mechanisms compared with
normal myocardium. The technique though theoreti-
cally also works for MDCT imaging, but the CNR be-
tween normal and delayed enhancing myocardium is
in the order of a magnitude higher in MRI and there-
fore eases depiction of even subtle pathologic changes
(SIMONETTI et al. 2001). The easy combination of
functional cine imaging and contract-enhanced tissue
differentiation allows for a rapid and comprehensive di-
agnosis. The most important feature in the differential
diagnosis, especially of cardiomyopathies and inflam-
matory diseases, is the pattern of delayed enhancement
(HunoLp et al. 2005; VOGEL-CLAUSSEN et al. 2006).
The combination of the above-mentioned techniques
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with PC flow imaging gives even further insight into the
functional status, as it allows for the assessment of dia-
stolic dysfunction, parameters that already demonstrate
changes while global systolic function remains normal.
Thus, early diagnosis of disease is possible warranting
early treatment options, with a possible effect on the pa-
tient’s prognosis.

Cardiac Masses and Pseudolesions

Imaging of cardiac mass in daily routine in mainly dedi-
cated to the assessment of cardiac thrombi rather than
primary cardiac neoplasms. Although not being supe-
rior to cardiac MR in terms of reliability and accuracy,
cardiac CT allows for a substantially faster clot imaging
and therefore eases the workflow in noninvasive clot as-
sessment.

Assessment of real cardiac masses, no matter
whether primary or secondary, may necessitate imaging
techniques more sophisticated in order to narrow the
final diagnosis and to be able to assess the true extent
of a primary cardiac mass or the cardiac involvement of
a primary extracardiac lesion (e.g., bronchiogenic car-
cinoma).

While based on typical mass features or characteris-
tic imaging findings, cardiac CT may allow a substantial
narrowing of the differential diagnosis (e.g., myxoma,
calcified fibroma); especially masses that do not exhibit
specific imaging features or typical tumor locations ne-
cessitate further MR workup for extensive soft tissue
differentiation.

Conclusion

As demonstrated within this chapter, cardiac MRI pro-
vides a substantially larger toolbox for the assessment of
cardiac diseases. Using these techniques, MR can cover
the majority of cardiac diseases. Cardiac CT though is,
in comparison to MRI, substantially limited in tech-
niques, and can only be reliably applied in a very nar-
row and specific range of cardiac diseases. This range
includes CAD detection and exclusion, and thus the
majority of patients being referred for cross-sectional
diagnosis of cardiac pathology. Consensus statements
and guidelines regarding the appropriate use of car-
diac CT and MR have been published and provide fur-
ther information on the clinical use of both modalities
(HENDEL et al. 2006).
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ciding whether an interventional therapy should be
performed. A noninvasive concept providing both
morphological and functional information could
provide accurate allocation of perfusion defects
to their determining coronary lesion, and specific
morphological and functional classification of pa-
tients with CAD. Complementary effects were ob-
served for the combination of CTA and MPI in pa-
tients with suspected or known CAD, particularly
when 3D image fusion was performed. Addition-
ally, in the setting of patient screening, CT calcium
scoring is accepted for exclusion of present CAD.
Otherwise, in cases of coronary calcium burden
>400, the probability of present ischemia increases
to 25%, so that these patients require further func-
tional diagnostic-like MPI.

Department of Nuclear Medicine, Munich University Hospi-
tals, Ludwig-Maximilians-University of Munich, Marchionini-
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Anatomic-Functional Imaging:
Basic Principles

Appropriate diagnosis and therapy of CAD frequently
require information about both the morphological and
functional status of the coronary artery tree. Thus, com-
bined morphological and functional imaging consist-
ing of invasive coronary angiography and myocardial
perfusion imaging (MPI) has been practiced in clini-
cal routine diagnostic of patients with stable angina for
many years, and is accepted as the reference standard
in the diagnosis of hemodynamically relevant coronary
artery stenoses.

Invasive coronary angiography (ICA) as the widely
accepted gold standard in morphological imaging of
the coronary artery tree has shown limited potential in
predicting future cardiac events. This is due to the facts
that atherosclerotic lesions cannot be detected in case
of absent coronary artery stenoses, and that the func-
tional relevance of coronary artery stenoses cannot be
evaluated (WHITE et al. 1984; TopoL and NISSEN 1995;
LiBBY 2001). Consequently, the necessity of performing
revascularization cannot be provided for many patients,
using morphological criteria alone, particularly when
multiple, profound stenoses are present.

Whenever intermediate stenoses are detected in
ICA, MPI is performed to verify or rule out ischemia
and, vice versa, when MPI shows reversible perfusion
defects suggesting myocardial ischemia, ICA is required
to allocate the respective coronary lesion. This informa-
tion is mandatory in making the decision to perform-
ing an interventional therapy or initiating/maintaining
medical treatment in numerous symptomatic patients
(Smi1TH et al. 2001; KLockE et al. 2003). The hemody-
namic relevance of coronary artery lesions is a major
condition in determining whether an interventional
therapy should be performed (GiBBONs 1996; SMITH et
al. 2001; KLoCKE et al. 2003).

A noninvasive concept providing both morphologi-
cal and functional information about coronary arteries
could provide accurate allocation of perfusion defects
to their determining coronary lesion, and specific mor-
phological and functional classification of patients with
CAD.

Imaging Atherosclerosis,
Coronary Stenoses, and Myocardial Perfusion

22.2.1
Coronary CT

22.2.141
CT for Calcium Scoring

Coronary artery calcification is highly specific for the
presence of coronary atherosclerosis and is directly re-
lated to the total atherosclerotic plaque burden present
in the epicardial coronary arteries (RUMBERGER et al.
1995). Significant CAD (>50% stenosis) is almost uni-
versally associated with the presence of coronary calci-
fication. Conversely, in the largest published report to
date, only 5/940 (0.5%) symptomatic patients referred
for ICA had significant CAD if the coronary artery
calcium score (CACS) was 0 (HABERL et al. 2001). A
normal CT study is therefore reassuring for excluding
significant CAD. The accuracy for identifying signifi-
cant CAD increases with the CACS and may be further
improved by incorporating age, gender, and traditional
risk factor information (GUERCI et al. 1998; BUDOEF et
al. 2002).

Since there is a strong relationship between CACS
severity and the extent of atherosclerotic plaque, it is not
surprising that the CACS predicts risk for subsequent
cardiovascular events among otherwise heterogeneous
patient populations with cardiac risk factors (RAGGI et
al. 2000; WoNG et al. 2000; WAyHSs et al. 2002; KoNpos
et al. 2003; SHAW et al. 2003; ARAD et al. 2005; TAYLOR
et al. 2005). In the largest published series to date, in
which 25,253 patients were followed for 6.8 years (Bu-
DOEEF et al. 2007), the mortality rate ranged from 0.6
to 23.1% for patients with a CACS of 0 to >1,000. The
CACS predicts cardiac events independently of other
standard risk predictors such as the Framingham risk
score (ARAD et al. 2005; BuDOFF et al. 2007) and C-
reactive protein (PARK et al. 2002), and irrespective of
gender (WONG et al. 2000; SHAw et al. 2003). Although
patients with diabetes have a higher mortality rate at
every level of CACS as compared with nondiabetics, a
CACS of 0 still confers a similar 99% 5-year survival
in both groups (RAGaGI et al. 2004). Finally, recent data
indicate that serial CT imaging can assess the effects of
intensive lipid-lowering therapy on CACS progression
(AcCHENBACH et al. 2002) and the risk for subsequent
events (RAGGI et al. 2004).
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22.2.1.2
CTA

Recent developments in MDCT technology, with faster
rotation times and higher spatial resolution created a
good, noninvasive alternative to ICA. Latest publica-
tions reported high overall sensitivities ranging from 94
to 99% for 64-slice CTA compared with ICA in detect-
ing coronary artery stenoses >50%. Also, the specificity
with values between 95 and 97% was high, with a mini-
mal fraction of nondiagnostic segments (ACHENBACH
et al. 2000, 2001; KNEZ et al. 2001; Kopp et al. 2002;
NIEMAN et al. 2002; ROPERS et al. 2003; HOFFMANN
et al. 2004; KUETTNER et al. 2004; MOLLET et al. 2004;
HOFFMANN et al. 2005; LEBER et al. 2005; LESCHKA et
al. 2005; MOLLET et al. 2005; PUGLIESE et al. 2005).

However, MDCT angiography images are still im-
paired by motion artifacts, even though B-blocker med-
ication is administered, and images are acquired at heart
rates <65 bpm (HoNg et al. 2001). Furthermore, quan-
tification of lumen narrowing is inhibited in the case
of heavy vessel calcifications or intracoronary stenting,
resulting in low sensitivity, particularly in patients with
advanced CAD (KUETTNER et al. 2004).

Additionally, even 64-slice scanners are lacking in
accuracy compared with ICA if a lumen quantifica-
tion more exact is required (LEBER et al. 2005), and
it remains unclear if CT techniques even with 128- or
256-slice scanners will be able to achieve the high tem-
poral and spatial resolution of ICA, which is a precon-
dition for competing with the accepted invasive mor-
phological gold standard in clinical routine diagnostic
of the coronary tree.

The most important limitation of morphological im-
aging with MDCT angiography is the fact that like ICA,
MDCT angiography is not able to predict the functional
relevance of coronary artery stenoses. The positive pre-
dictive value of MDCT angiography for detecting hemo-
dynamically relevant coronary artery stenoses on a ves-
sel- and a patient-based level was published as between
32 and 60% (D1 CarLI and HacHAMOVITCH 2007).

On the other hand, high NPVs were found for
MDCT angiography in the detection of vessels, leading
to reversible perfusion defects in MPI, suggesting a po-
tential role for this very fast technique as a screening
method for the exclusion of hemodynamically relevant
CAD. High NPVs between 96 and 100% were already
published for MDCT angiography compared with ICA
using 16- or 64-slice scanners in the detection of signifi-
cant coronary artery stenoses >50% (HOFFMANN et al.
2004, 2005; LEscHKA et al. 2005; MOLLET et al. 2005;
PUGLIESE et al. 005).

22.2.2
MPI SPECT

MPI SPECT is an established method for the noninva-
sive assessment of functional significance of coronary
stenoses and, based on a huge amount of data, deliv-
ers valuable information for risk stratification (Fig.
22.1). Patients with stable angina and normal stress
sestamibi SPECT have a very low risk of death or fa-
tal myocardial infarction; therefore no intervention is
required for those patients (GIBBONs 1996; ISKANDER
and ISKANDRIAN 1998). Additionally, MPI has shown
a high sensitivity to detect CAD compared with con-
ventional coronary angiography (CCA) (BELLER and
ZARET 2000) and a high NPV in the prediction of fu-
ture cardiac events. Thus, no further examinations are
scheduled for patients with a normal MPI (ISKANDER
and ISKANDRIAN 1998).

Otherwise, there is limited potential of MPI to spec-
ify abnormal results, despite the use of newer imaging
techniques like ECG-gated MPI, additional attenua-
tion correction or quantitative analysis (TAILLEFER et
al. 1997). Perfusion defects are not always caused by
hemodynamically relevant epicardial coronary artery
stenoses. In addition, intramural microangiopathic or
functional changes like left bundle branch block can
lead to left ventricular perfusion abnormalities.

Furthermore, it has to be considered that a negative
MPI does not exclude the presence of atherosclerosis.
And the allocation of perfusion defects to their deter-
mining coronary lesion, which is a major precondition
for therapy planning, is impossible using MPI without
morphological correlation (FABER et al. 2004).
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Fig. 22.1. Myocardial perfusion SPECT. A 12-fold increased
annual event rate of an abnormal perfusion study as com-
pared with a normal perfusion study. (Figure modified from
ISKANDER and ISKANDRIAN 1998)
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Combining CT with SPECT

There are numerous possible advantages of a combined
noninvasive imaging over each individual procedure.

First of all, accuracy of MPI in the diagnosis of
CAD could be increased if morphological information
is available, particularly in patients with three-vessel
or left main disease and the presence of “balanced”
ischemia (CHAMULEAU et al. 2002), even though com-
bined assessment of perfusion and function with gated
SPECT enhances the detection of defects in these pa-
tients (Lima et al. 2003). Furthermore, false-positive
findings could be reduced and particularly equivocal
results in the case of inhomogeneous distribution of
the radiotracer in the presence of small vessel disease
or left ventricular hypertrophy, or of image artifacts in
MPI (extracardial activity, attenuation artifacts), which
could be minimized with the help of morphological
information. Hybrid imaging modalities with systems
such as SPECT-CT and PET-CT have been initially de-
veloped to overcome technical limitations by photon-
attenuation correction, with the goal to improve further
image quality, with subsequent enhancement of the di-
agnostic accuracy. For MPI SPECT, professional societ-
ies recommend incorporation of attenuation correction
to improve diagnostic accuracy. On standalone SPECT
scanners, the transmission scans necessary for deter-
mining tissue density maps for attenuation correction
are obtained with an external radionuclide line or point
source. With the advent of SPECT-CT hybrid systems,
however, CT is now increasingly used for transmission
scanning. Advantages of the CT method include higher-
quality attenuation maps secondary to higher photon
flux, lower noise, and improved resolution.

Second, morphological information could further
increase the prognostic significance of MPI alone. In
fact, MPI delivers high prognostic accuracy in the pre-
diction of cardiac events, particularly in a short-term
follow up period up to 12 months (GiBBONS 1996; Is-
KANDER and ISKANDRIAN 1998). Otherwise, present
artherosclerosis or significant coronary artery stenoses
are missed if morphologic pathology does not lead
to any perfusion defect in MPI. BERMAN et al. (2004)
recently reported in a cohort of 1,195 patients with
suspected CAD that normal MPI patients frequently
had extensive atherosclerosis and followed a potential
role for applying coronary artery calcification screen-
ing after MPI among patients manifesting normal
MPI—information that could change the long-term
prognoses of patients and consequently, their medical
treatments.

Third, perfusion defects could better be allocated to
their specific culprit lesion, which is not possible with
MPI alone. Accordingly, in the presence of hemody-
namically relevant coronary artery stenoses, accurate
treatment stratification could be provided. Particu-
larly in patients with known CAD and a more complex
coronary anatomy with intracoronary stents or bypass
grafts, exact morphological information has shown to
be very useful.

Moreover, there are numerous advantages for
MDCT angiography complementary to the functional
information of MPL

First, the presence of “nondiagnostic segments” in-
cluding small coronary arteries or intracoronary stents
could be outweighed in cases of absent perfusion ab-
normalities. Additionally, there is evidence that exact
quantification of coronary artery stenoses is of minor
priority for clinical decision making, if lesion location
and functional status are known. In any case, functional
information is indispensable for clinical decision mak-
ing in MDCT angiography even if significant stenoses
>50% are present. Our own group showed a low PPV
for MDCT angiography to ascertain the hemodynami-
cally relevance of coronary artery stenoses (HACKER et
al. 2005, 2007) and, hence, to force revascularization
therapy.

Second, previous myocardial infarction cannot al-
ways be identified by CTA alone, as the coronary and
myocardial structure after infarction is heterogeneous,
and not every patient shows vessel occlusions. In pa-
tients with intermediate or high-grade stenoses, revas-
cularization could frequently be prevented if MPI shows
a fixed perfusion defect, indicating prior myocardial in-
farction.

However, to date there is limited published experi-
ence combining MPI with various CT techniques in the
diagnosis of CAD.

22.3.1

Combination of CT Calcium Scoring
and Myocardial Perfusion SPECT:
Clinical Results

22.3.141
Patient Screening

CT calcium scoring is mainly used for screening asymp-
tomatic patients who are at least at intermediate risk for
coronary atherosclerosis. Although myocardial perfu-
sion SPECT can also predict outcome in asymptomatic
subjects, CT is able to detect coronary atherosclerosis
at earlier stages. Additionally, due to the simplicity and
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Percent patients
with abnormal 307
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Fig. 22.2. Patients with a CACS <100 have a low likelihood
of myocardial perfusion SPECT positivity with a dramatic in-
crease when the CACS is >400. N = 1,928. Red bar HE et al.
(2006) (N = 411); yellow bar, ANAND et al. (2006) (N = 220);
blue bar, MOSER et al. (2003) (N = 102); green bar, BERMAN
et al. (2004) (N = 1,195). (Figure reproduced with permission
from MAHMARIAN 2007)

speed of image acquisition as well as the low radiation
exposure, CT calcium scoring in this regard is a more
robust technique (RUMBERGER et al. 1995) (Fig. 22.2).

There are four major studies (HE et al. 2000; Mo-
SER et al. 2003; ANAND et al. 2004; BERMAN et al. 2004)
that investigated the presence of myocardial ischemia
as subject to patients CACS, all in all some 2,000
asymptomatic subjects, which consistently reported
very low incidence (1.7%) of an abnormal SPECT in
patients with a CACS <100. Otherwise, a severe CACS
>400 was associated with a 26% probability of present
ischemia in MPI.

However, focusing on asymptomatic high-risk pa-
tients like diabetics, even patients with CACS 11-100
show abnormal SPECT results in 18.4%, which increases
to 60% with a CACS of >400 (ANAND et al. 2006). The
higher incidence of moderate and severe CACSs among
asymptomatic diabetics, and their increased likelihood
of an abnormal SPECT across all CACS ranges may ex-
plain their higher cardiac event rate as compared with
nondiabetics at a given CACS threshold.

In a recent study by ANAND et al. (2006), multivari-
ate analysis identified both the CT CACS severity and
extent of ischemic myocardium as the only indepen-
dent predictors of adverse cardiac events in a 2.2-year
follow-up in 180 asymptomatic type 2 diabetic subjects,
and the combination of the CT and SPECT results im-
proved risk stratification.

A more recent study of 1,153 patients with a mean
follow-up of 32+16 months reported no additional
risk information from the CACS if SPECT was normal
(RozaNski et al. 2007). However, most patients in this
study had a low CACS of <400 (68%), and ischemia was
present in only 64 patients. Larger patient series in more
heterogeneous populations followed for longer periods
will be needed to better clarify the interrelationship of
these imaging modalities for defining risk (Fig. 22.3).

Current guidelines recommend that asymptomatic
patients with a CACS of <100 not undergo MPI, since
this group has a low likelihood of significant CAD, a
very low incidence of stress-induced ischemia (<2%)
and an exceedingly low cardiac event rate (BRINDIS et
al. 2005). Notable exceptions may include asymptom-
atic high-risk patients, like diabetics. Conversely, pa-
tients with a CACS of 2400 should routinely undergo

CAC Score Calcified Plaque Burden * Likelihood of CADT CHD Riski Recommended Clinical Action * Additional Testing§

1] Mo idertifiable stherosclerotic plaque  Very low Very low 1* prevention 0

1-10 Minimal plagque burden Very low Low Optional 1]

11-100 Mild plague burden Low Moderate Consider 2° prevention 0

101-400 Moderate plague burden Low-intermediate Moderate-high  2* prevention Consider if =75th percentile, diabetes, or MetS
401-1,000 Extensive plague burden High-intermediate High 2" prevention Yes

=1,000 Wery extensive plague burden High Wery high 2* prevention Yes

CHD, coronary heart disease, MetS, metabolic syndrome

* Sex, age and other issues: presence of chest pain, multiple risk factors, younger age subjects, or female sex should encourage a more aggressive approach

to therapy/management.
T =50% stenosis.
* 10 years CHD, death or MI.

§ Most commonly, this recommendation is for stress imaging (MPS, echocardiography, MRI). In some patients and centers, coronary CTA is the recommended

additional test.

Fig. 22.3. Classification of CAC Scores and Clinical Conditions/Recommendations Commonly Incorporated Into Clinical Re-
porting. (Figure reproduced with permission from BERMAN et al. 2007)
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stress SPECT imaging—this group has a high likelihood
of having an ischemic perfusion defect irrespective of
symptom status, and particularly when diabetes melli-
tus is present.

The latter patients as well as patients with typical
anginal symptoms, where a low CACS may not confer
the same low risk as generally seen in heterogeneous
groups, are best evaluated initially by SPECT rather
than CT.

22.3.1.2
Symptomatic Patients

A normal stress MPI confers a very low short-term risk
for cardiac death and/or acute myocardial infarction
(RozaNskI et al. 2007). However, a normal MPI does
not exclude the presence of underlying coronary ath-
erosclerosis, which may be extensive although not yet
flow limiting. BERMAN et al. (2004) recently reported
1,119 patients (45% symptomatic) with normal MPI,
of whom 56% had a CACS greater than 100, 20% had
a CACS of 400-999, and 11% had a CCS of 1,000 or
greater. Another recent study of 200 symptomatic pa-
tients also showed high frequency of abnormal CT
scans after an initial normal MPI, however, with 18% of
patients having a CACS >100 (THoMPsON et al. 2005).
This was particularly true in patients who were at in-
termediate or high risk by Framingham criteria. In this
regard, CT will unmask a sizeable subgroup of patients
with coronary atherosclerosis who should receive more
intensive anti-atherosclerotic intervention than would
have been indicated by MPI results alone. Knowledge
regarding the presence and extent of subclinical coro-
nary atherosclerosis in patients who do not have isch-
emia by MPI can be of importance in patient manage-
ment. Recent statements from the American Society of
Nuclear Cardiology have noted that patients with mod-
erately high CACS >100 should be aggressively treated
to meet secondary prevention goals. Additionally, cur-
rent evidence now appears to indicate that if the likeli-
hood of ischemia is high enough to warrant study by
MPI, then the patients deserve consideration for assess-
ment of subclinical atherosclerosis by CACS. Such as-
sessment may provide a critical link in identifying those
for whom targeted medical management may further
improve outcome.

Furthermore, although a normal MPI study is gen-
erally associated with a low risk, an unacceptably large
number of cardiac events occur in these patients. The
current studies of the combination of MPI and CT coro-
nary calcification scanning are providing the needed ev-
idence on which recommendations for the broader use

of testing for subclinical atherosclerosis will be applied.
Improved identification of at-risk patients through non-
invasive imaging is likely to markedly improve the pre-
vention of these unnecessary cardiac events.

CT may also play a significant role in clarifying
equivocal MPI results when the latter images are com-
promised by soft tissue attenuation artifacts, high sub-
diaphragmatic count activity, or when the stress elec-
trocardiogram and MPI results are disparate. A CACS
of 0 associated with an equivocal MPI is reassuring due
to the unlikely occurrence of obstructive CAD with a
normal CT result.

22.3.2

Combination of Coronary CTA
and Myocardial Perfusion SPECT:
Clinical Results

The combination of MPI and MDCT angiography was
evaluated in three pioneer studies (Fig. 22.4).

In an initial proof-of-the-principle study, our own
group focused on the allocation of MPI perfusion de-
fects to their respective coronary artery lesion (HACKER
et al. 2007). It was hypothesized that the combination of
MDCT angiography and MPI provides accurate alloca-
tion of perfusion defects to their determining coronary
lesions. Twenty patients with known CAD were stud-
ied with MPI, 16-detector CTA, and ICA. Reversible
perfusion defects were subsequently allocated to their
determining lesion separately for MDCT angiography
and CCA. Interestingly, despite low accuracy of MDCT
angiography compared with ICA in these patients with
advanced stages of disease (sensitivity was 64 and 46%
for detecting stenoses 250% and vessel- and lesion-
based analyses, respectively), 5/5 reversible perfusion
defects could be allocated to appropriate coronary ar-
tery stenoses for MDCT angiography compared with
ICA. In a further study by our group, high sensitivity
and specificity of 85 and 97%, respectively, were found
for the combination of 64-detector CTA plus MPI com-
pared with the combination of ICA plus MPI in the de-
tection of hemodynamically significant coronary artery
stenoses (HACKER et al. 2007). Additionally, high sen-
sitivity and specificity of 93 and 87%, respectively, were
shown on a patient-based level, suggesting high accu-
racy for combined noninvasive imaging in clinical deci-
sion making toward interventional or medical therapy.
Only one of 15 patients requiring intervention due to a
significant RCA stenosis in ICA and a rest