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Foreword

Computed Tomography, in contrast to other imaging modalities, has long been
regarded as a not very attractive working horse in diagnostic imaging. This
notion greatly changed when Spiral-CT and Multislice-CT (MSCT) came up.
A large number of acquisition parameters, reconstruction modes and contrast
media protocols are available and have to be scientifically explored. Since
MSCT proved so effective and versatile, there was a steep increase in the uti-
lization of this modality. The consequence was a considerable increase of
radiation exposure of the population which in turn provoked criticism that
resulted in reconsidering the use of MSCT by the radiological community.

In this edition of Medical Radiology/Diagnostic Imaging recognized experts
in the field will elucidate the technique and physical background, future tech-
nological developments, radiation dose as well as contrast media application in
protocols in MSCT of the abdomen.

I would like to express my sincere gratitude to the editors of this volume for
gathering such a unique group of authors covering the fields of technique, liver
and biliary system, pancreas and spleen, kidney and urogenital system as well as
bowel and peritoneal cavity. The different sections are organized according to
pathologic mechanisms, such as inflammatory lesions, tumors, traumatic and
post-surgical findings. In this way, an excellent overview on aspects important
for the daily clinical practice could be achieved.

I am confident, that this monograph will become indispensable for all those
who are involved in abdominal imaging and will provide an excellent guideline
for performing state-of-the-art MSCT examinations of the abdomen with
adequate technique following diligent selection of the patients and for inter-
pretation of MSCT scans.

This volume of Medical Radiology/Diagnostic Imaging also is in line with
the mission and vision of the series—to bring together well known experts in the
field, in order to offer our readers an up-to-date and scientifically based over-
view. I would also like to thank Springer Publishers for their great support and
continuous enthusiasm in promoting this important endeavour.

Prof. Dr. med. Dr. h.c. Maximilian F. Reiser FACR, FRCR
Professor and Chairman

Institute of Clinical Radiology
Ludwig-Maximilians-University Hospital Munich



Preface

Diagnostic imaging of abdominal pathologies represents a large amount of the
daily workload in radiology facilities worldwide. The impact of Radiology in
the management of such patients is clearly evidenced by the fact that most
clinical decisions in abdominal disease depend on the outcome of imaging
procedures in ambulatory and hospital settings. Computed tomography (CT)
has evolved over the past 40 years and become the widely acknowledged key
component in the diagnostic work-up of patients with abdominal diseases. The
development of multislice CT (MSCT) has been a major contributing factor
adding to the breadth and depth of abdominal evaluation possible with imag-
ing. It is therefore natural and timely to develop a book solely dedicated to
current techniques and applications of MSCT in the abdomen.

While other modalities such as ultrasound or magnetic resonance imaging
have proved to be superior in certain specific situations, MSCT remains the
most used and relied upon technique as a general abdominal imaging tool,
offering robust versatility with detailed anatomic and physiologic information ,
equally applicable in unstable patients. Due to developments in scanner tech-
nology and reconstruction algorithms, the radiation dose is continuing to
decrease. All these unique properties make MSCT the backbone of abdominal
evaluation for most institutions.

The concept for this book is to provide a broad overview of relevant
abdominal pathologies and associated CT findings. In order to keep the length
of the book within reasonable limits we focused on frequent and relevant
findings to provide a practical educational and clinical tool. Our aim is to help
radiologists in daily practice meet their practical clinical needs in determining
the examination strategy, optimizing the examination protocol and interpre-
tation of the images rather than being another encyclopaedia of abdominal
pathologies.
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Preface

We want to thank all contributing authors, internationally known experts in
their field, for their outstanding contributions. Our publisher Springer-Verlag
has supported us from the draft of this book to the final editing process with
their invaluable professional and kind assistance. Finally we want to thank our
readers for the trust in our book and we hope that in using it we have helped
you to advance your practices and aid in the care of patients.

Munich Christoph J. Zech
Chicago Richard Baron
Pisa Carlo Bartolozzi

Munich Maximilan F. Reiser
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Abstract

We explain the physical background of multi
detector row CT (MDCT) technology. We demon-
strate the clinical benefits of MDCT, which are
faster scan time, increased volume coverage and
improved through-plane resolution. We discuss the
design of X-ray tubes and MDCT detectors as well
as scan and image reconstruction techniques and
their specific properties. Finally, we give an outlook
to modern high-pitch acquisition techniques.

1 History of MDCT

The introduction of spiral (helical) CT in the early
nineties was a major step in the ongoing development
of CT-imaging techniques (Kalender et al. 1990,
Crawford and King 1990). Entire organs, such as lung
or liver, could now be examined within one breath-
hold and without the danger of mis- or double-
registration of anatomical details. Images could be
reconstructed with an increment smaller than the slice
width to improve through-plane resolution. The
through-plane direction, also called z-direction, is
the cranio-caudal or caudo-cranial direction of the
patient. Spiral CT was a pre-requisite for the devel-
opment of three-dimensional image processing tech-
niques such as multi-planar reformations (MPR),
maximum intensity projections (MIP), surface shaded
displays or volume rendering techniques (VRT)
(Napel et al. 1993).

Nevertheless, single-slice spiral CT suffered from
insufficient through-plane resolution as a consequence
of wide slice collimation if larger anatomical volumes

C. J. Zech et al. (eds.), Multislice-CT of the Abdomen, Medical Radiology. Diagnostic Imaging, 1
DOI: 10.1007/174_2011_404, © Springer-Verlag Berlin Heidelberg 2012
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had to be examined within one breath-hold. Isotropic
resolution, i.e. equal resolution in all three spatial
axes, was only possible for very limited scan ranges
(Kalender 1995).

In 1998, all major vendors introduced multi
detector row CT (MDCT) systems into the market.
These systems offered simultaneous acquisition of 4
slices with 1 or 1.25 mm collimated slice width at
a rotation time of down to 0.5 s, which resulted in
faster scan speed, improved through-plane resolution
and better utilization of the available X-ray power
(Klingenbeck-Regn et al. 1999; McCollough and Zink
1999; Hu et al. 2000). MDCT also expanded into new
clinical areas, such as CT angiography of the coro-
nary arteries with the addition of ECG gating capa-
bility (Kachelriess et al. 2000; Ohnesorge et al. 2000).
Despite all promising advances, clinical challenges
and limitations remained for 4-slice CT systems. True
isotropic resolution could not be achieved in many
routine applications, and often scan times were still
too long. An examination of the entire thorax with
1 mm collimated slice width at 0.5 s gantry rotation
time, for example, required a 25-30 s breath-hold of
the patient. Reliable CT angiography of the coronary
arteries was not possible in patients with higher heart
rates because of limited temporal resolution.

An 8-slice CT system, introduced in 2000, enabled
shorter examination times, but no improved spatial
resolution (thinnest collimation 8 x 1.25 mm). Since
2001, 16-slice CT systems (Flohr et al. 2002a, b) have
been commercially available, with a thinnest collima-
tion of 16 x 0.5, 16 x 0.625 or 16 x 0.75 mm and
faster gantry rotation (downto 0.42 s and later 0.375 s).
With the use of these systems routine examinations of
larger anatomical volumes at isotropic sub-millimeter
spatial resolution became possible, such as CT-angio-
graphic studies of the entire thorax and abdomen. ECG-
gated cardiac scanning was enhanced by both,
improved temporal resolution and improved spatial
resolution (Nieman et al. 2002; Ropers et al. 2003).
Figure 1 illustrates the improvements in clinical per-
formance from single-slice CT to 16-slice CT.

In 2004, all major CT manufacturers introduced
MDCT-systems with simultaneous acquisition of
64-slices at 0.5, 0.6 or 0.625 mm collimated slice
width, and further reduced rotation times (down to
0.33 s). GE, Philips and Toshiba aimed at an increase in
volume coverage speed by using detectors with 64 rows
instead of 16, thus providing 32-40 mm z-coverage.

Siemens used 32 physical detector rows in combination
with double z-sampling, a refined z-sampling technique
enabled by a z-flying focal spot (see “MDCT Scan and
Image Reconstruction Techniques”), to simulta-
neously acquire 64 overlapping 0.6 mm slices with the
goal of pitch-independent increase of through-plane
resolution and reduction of spiral artifacts (Flohr et al.
2004, 2005). With 64-slice CT systems, CT scans with
sub-mm resolution became feasible even for extended
anatomical ranges. The improved temporal resolution
due to faster gantry rotation increased clinical robust-
ness of ECG-gated scanning, thereby facilitating the
successful integration of CT coronary angiography into
routine clinical algorithms (Leber et al. 2005; Raff et al.
2005), although higher and irregular heart rates were
still problematic.

In 2007, one vendor introduced a MDCT-system
with 128 simultaneously acquired slices, based on a
64-row detector with 0.6 mm collimated slice width
and double z-sampling by means of a z-flying focal
spot. Recently, simultaneous acquisition of 256 slices
has become available, with a CT system equipped
with a 128-row detector (0.625 mm collimated slice
width) and double z-sampling.

Clinical experience with 64-, 128- or 256-slice CT
indicates that adding even more detector rows will not
by itself translate into increased clinical benefit.
Instead, developments are ongoing to solve remaining
limitations of MDCT.

A remaining challenge for MDCT is the visualization
of dynamic processes in extended anatomical ranges, e.
g. volume perfusion studies. In 2007, a CT system with
320 x 0.5 mm detector collimation and 0.35 s gantry
rotation time was introduced, after a long evaluation
phase using prototype systems with 256 x 0.5 mm
collimation and 0.5 s gantry rotation time (Mori et al.
2004, 2006; Kondo et al. 2005). This system has the
potential to cover the heart, the kidneys or the brain in
one single sequential acquisition (Rybicki et al. 2008;
Dewey et al. 2009; Shankar et al. 2010). Another way to
acquire dynamic volume data is the introduction of
“shuttle modes” with periodic table movement between
two z-positions (e. g. Goetti et al. 2010).

Motion artifacts due to insufficient temporal reso-
lution remain the most important challenge for coro-
nary CTA even with the latest generation of MDCT.
In 2006, a Dual Source CT (DSCT) system, i. e. a CT
with two X-ray tubes and two corresponding detectors
offset by 90°, was introduced by one vendor (Flohr
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Fig. 1 Axial slices and coronal reformats of a thorax scan to
illustrate the image quality improvement with different gener-
ations of CT systems. Single-slice CT with 8 mm slice width,
scan time for the entire thorax about 25-30 s (left), 4-slice CT
with 1.25 mm slice width, scan time with 0.5 s rotation about
25-30 s (center), and 16-slice CT with 0.75 mm slice width,

et al. 2006), followed by a second generation DSCT
in 2009 (Flohr et al. 2009). The key benefit of
DSCT for cardio-thoracic examinations and coronary
CT angiography is 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 (83 ms with the first generation
DSCT, 75 ms with the second generation DSCT).
DSCT scanners also show promising properties for
general radiology applications, such as the potential
of dual energy acquisitions.

2 Clinical Benefits of MDCT

The introduction of MDCT has been the clinically
most important innovation in CT since the develop-
ment of spiral CT. Clinical applications benefit from
MDCT technology in several ways:

scan time with 0.5 s rotation about 8-10s (right). The
differences are most obvious in the reformats. 16-slice CT
approaches the ideal of isotropic resolution. The single-slice
and 4-slice images were synthesised from a 16-slice scan
(courtesy of Dr. U. J. Schopf, Medical University of South
Carolina, USA)

e Shorter scan time. Examination times for standard
protocols can be significantly reduced. This is of
immediate clinical benefit for the examination of
non-cooperative patients, such as trauma victims
or pediatric cases, or in CT angiography.

e Extended scan range. Larger scan ranges can be
examined within one breath-hold time of the
patient. This is relevant for CT angiography with
extended coverage and for oncological staging.
Chest and abdomen, as an example, can be exam-
ined in one scan with one contrast bolus.

e [mproved through-plane resolution. The most
important clinical benefit is the ability to examine
a scan range of interest within a breath-hold
time of the patient with substantially thinner
slices than in single-slice CT. The significantly
improved through-plane resolution is beneficial for
all reconstructions, in particular when 3D post-
processing is part of the clinical protocol.



Fig. 2 Coronal MPR based on a 16-slice data set with 1 mm
axial slices (left) and 3 mm axial slices (center). Using thicker
primary slices reduces the image noise in the reformats, but
degrades spatial resolution (center). This can be avoided by

In clinical practice, most scan protocols benefit from
a combination of these advantages. The close-to or true
isotropic spatial resolution in routine examinations—
depending on the scanner generation—enables 3D
renderings of diagnostic quality and oblique MPRs and
MIPs with a resolution comparable to the axial images.
The wide availability of MDCT-systems has trans-
formed CT from a modality acquiring cross-sectional
slices of the patient to a volume imaging modality. In
many scan protocols, the use of narrow collimation is
recommended independently of what slice width is
desired for primary viewing. In practice, different slice
widths are commonly reconstructed by default: thick
slices for PACS archiving and primary viewing and thin
slices for 3D post-processing and evaluation. The
image noise in close-to-isotropic high-resolution vol-
umes can be limited by making use of slab MPRs or
slab MIPs (Fig. 2).

As a consequence, the traditional viewing of axial
slices is being replaced by interactive manipulation of
volume images, with only the key slices or views in
arbitrary directions stored for a demonstration of the
diagnosis.

3 MDCT-System Design

The basic system components of a modern MDCT-
system are shown in Fig. 3. Both the X-ray tube and
the detector rotate about the patient. The detector

using thin primary slices (1 mm) in combination with slab
MPRs or slab MIPs (a 3 mm slab MIP in the example on the
right)

Fig. 3 Basic system components of a modern MDCT-system.
The X-ray fan beam is indicated in yellow, it covers a SFOV of
typically 50 cm in diameter. The data measurement system
consists of detector and detector electronics

comprises several rows of 700 and more detector
elements which cover a scan field of view (SFOV) of
usually 50 cm in diameter. 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 are
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Fig. 4 Schematic drawings of a conventional X-ray tube (left)
and a rotating envelope tube (right). A high voltage is applied
between cathode and anode. The electrons emitted by the
cathode are shown as green lines, the X-rays generated in the
anode as purple arrows. In a conventional X-ray tube the anode
plate rotates in a vacuum housing. In a rotating envelope tube,

a “projection” or “reading”. During each 360° rota-
tion about 1,000 projections are acquired.

State-of-the-art X-ray tube/generator combinations
provide a peak power of 60—120 kW at various, user-
selectable voltages, e. g. 80, 100, 120 and 140 kV. Dif-
ferent clinical applications require different X-ray
spectra and hence different kV-settings. Low tube volt-
age (80 or 100 kV) is favorable for contrast enhanced
examinations because the CT number of iodine signifi-
cantly increases at lower kV. Vessels filled with iodine
appear brighter in the images, and higher image noise
can be tolerated to maintain the contrast-to-noise ratio.
This opens the potential to reduce the radiation dose to
the patient (Schaller et al. 2001a; Wintersperger et al.
2005; McCollough et al. 2009). On the other hand, CT
images suffer from more pronounced beam hardening
artifacts at lower kV. At high tube voltage (120 or
140 kV) more power reserves are available, which is
beneficial for the examination of obese patients.

In a conventional tube design, an anode plate of
typically 160-220 mm diameter rotates in a vacuum
housing (Fig. 4). The heat storage capacity of anode
plate and tube housing—measured in mega heat units
(MHU)—as well as the heat dissipation rate deter-
mine the performance level: they limit the rate at
which scans can be repeated and the maximum

Anode

Deﬂecﬁion unit

the anode plate forms an outer wall of the tube housing and is in
direct contact with the cooling oil. Heat is dissipated by thermal
conduction, and the cooling rate is significantly increased.
Rotating envelope tubes have no moving parts and no bearings
in the vacuum

available power for each scan. An alternative design
(Schardt et al. 2004) is the rotating envelope tube
(STRATON, Siemens, Forchheim, Germany). The
anode plate forms an outer wall of the rotating tube
housing, it is in direct contact with the cooling oil and
can be efficiently cooled by thermal conduction
(Fig. 4). 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. Due to the central
rotating cathode permanent electro-magnetic deflec-
tion of the electron beam is needed to position the
focal spot on the anode.

MDCT-systems are equipped with solid state
detectors. Each detector element consists of a radia-
tion-sensitive solid state material (such as Cadmium
Tungstate, Gadolinium-oxide or Gadolinium oxi-
sulfide) with suitable dopings, which converts the
absorbed X-rays into visible light. The light is then
detected by an attached Si photodiode. The resulting
electrical current is amplified and converted into a
digital signal. Key requirements for a suitable detec-
tor 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.
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Fig. 5 MDCT slice
collimation. Example of a 16-
slice detector, which consists
of 24 detector rows and
provides either 16 collimated

X-ray focus

Pre-patient collimator

0.6 mm slices (fop) or—by
combination of the signals of
every 2 central rows—16
collimated 1.2 mm slices
(bottom)

Scan field

— z-axis
Detector

A CT detector must provide different slice widths
to adapt scan speed and through-plane resolution to
the clinical requirements of different scan protocols.
In single-slice CT the collimated slice width is
adjusted by pre-patient collimation of the X-ray
beam.' This principle can be extended to 2-slice CT
if the detector is separated midway along the z-extent
of the X-ray beam. To simultaneously acquire more
than 2 slices at different slice widths, however,
detectors with a larger number of detector rows than
finally read-out slices have to be used. The required
total beam width in the z-direction is adjusted by pre-
patient collimation, and the signals of every two (or
more) detectors along the z-axis are electronically

! Note that the slice width is always measured at the iso-center
of the CT system.

combined to thicker slices. The detector of a 16-slice
CT (Siemens SOMATOM Emotion 16) as an example
consists of 16 central rows, each with 0.6 mm colli-
mated slice width, and 4 outer rows on either side, each
with 1.2 mm collimated slice width—in total, 24 rows
with a z-width of 19.2 mm atiso-center (Fig. 5). If only
the central 16 rows are irradiated, they are read-out
individually, and the detector provides 16 collimated
0.6 mm slices (Fig. 5, top). To obtain 16 collimated
1.2 mm slices, the pre-patient collimator is opened.
The full z-width of the detector is irradiated, and the
signals of every 2 central rows are electronically
combined. This results in 8 central 1.2 mm slices plus 4
outer 1.2 mm slices on either side of the detector, in
total 16 collimated 1.2 mm slices (Fig 5, bottom). The
16-slice detectors of other vendors are similarly
designed, providing e. g. 16 collimated 0.625 mm
slices or 16 collimated 1.25 mm slices.
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Fig. 6 Principle of a z-flying
focal spot. Consecutive
readings are shifted by half a
collimated slice width (at iso-
center) by means of a periodic
motion of the focal spot on the
anode plate. Every two
readings are interleaved to
one projection with double the
number of slices and half the
z-sampling distance

Focal spot position 1

Reading 1

Anode

Reading 2

MDCT detectors with 64 detector rows provide
0.5, 0.6 or 0.625 mm collimated slice width,
depending on the manufacturer. They allow acquisi-
tion of thicker slices by electronic combination of
every 2 detector rows. This results in 32 collimated
1.0, 1.2 or 1.25 mm slices. One CT system has a
detector with 128 collimated 0.625 mm slices (total
z-width 8 cm at iso-center). The widest commercially
available CT detector covers 16 cm at iso-center, it
acquires 320 collimated 0.5 mm slices.

Some CT systems double the number of simulta-
neously acquired slices by means of a z-flying focal
spot. Fast electromagnetic deflection of the electron
beam in the X-ray tube is used to periodically shift the
focal spot between two z-positions on the anode plate
(Flohr et al. 2004, 2005). At iso-center, two consec-
utive readings are shifted by half a collimated slice
width in the patient’s through-plane direction, e. g. by
0.3 mm for 0.6 mm collimated slice width (Fig. 6).
The measurement rays of every two consecutive
readings are interleaved to one projection with double
the number of slices, but half the z-sampling distance.
Two 64-slice readings with 0.6 mm slice width and
0.6 mm z-sampling distance, as an example, are
combined to one projection with 128 overlapping
0.6 mm slices at 0.3 mm z-sampling distance.

Through-plane direction
(z-direction)

Detector

The z-flying focal spot provides better data sam-
pling in the z-direction, this improves through-plane
resolution and reduces spiral windmill-artifacts which
typically are more pronounced at higher table-feed
(Fig. 7).

The collimated slice width is the slice width
at which the measurement data are acquired. Practi-
cally all MDCT-systems allow reconstruction of
images with different reconstructed slice widths from
the same CT raw data, e. g. by means of modern
spiral interpolation methods such as z-filtering (see
Chapter 4). This way, several image volumes with
different reconstructed slice widths can be obtained
from the same raw data set. The reconstructed slice
width, however, cannot be smaller than the collimated
slice width.

4 MDCT Scan and Image
Reconstruction Techniques

With the advent of MDCT, axial “step-and-shoot”
scanning has remained in use for only few clinical
applications, such as examinations of the brain, high-
resolution examinations of the lung, perfusion CT and
interventional applications. A recent renaissance of
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Fig. 7 Reduction of spiral artifacts by means of a z-flying
focal spot. Right Thorax scan with 32 x 0.6 mm collimation in
a 64-slice acquisition mode with z-flying focal spot at pitch 1.5.
Left same scan, using only one focus position of the z-flying
focal spot for image reconstruction. This corresponds to 32-

step-and-shoot scanning in ECG-controlled cardiac
examinations has mainly been caused by the low
radiation dose associated with ECG-triggered
sequential CT (Earls et al. 2008; Scheffel et al. 2008).
For the vast majority of all MDCT examinations,
however, spiral scanning is the method of choice.

An important parameter to characterize a spiral
scan is the pitch. According to IEC specifications
(International Electrotechnical Commission 2002) the
pitch p is given by p = tablefeed per rotation/total
z-width of the collimated beam.

This definition applies to single-slice CT as well as
to MDCT. It indicates whether data acquisition occurs
with gaps (p > 1) or with overlap (p < 1) in the
through-plane direction. With e. g. 16 x 0.75 mm
collimation and a table-feed of 15 mm/rotation, the
pitch is p = 15/(16 x 0.75) = 15/12 = 1.25.

During the past 10 years image reconstruction
techniques have been developed that cope with the
technical challenges of MDCT scanning, such as the
complicated z-sampling patterns or the cone-angle
problem. Two-dimensional image reconstruction
approaches used in single-slice CT systems require all
measurement rays that contribute to an image to be
perpendicular to the z-axis. In MDCT-systems this
requirement is obviously violated: the measurement

slice acquisition without z-flying focal spot. Due to the
improved sampling in the z-direction with z-flying focal spot
spiral interpolation artifacts (windmill structures at high-
contrast objects) are suppressed without degradation of
through-plane resolution

rays are tilted by the so-called cone-angle with respect
to a plane perpendicular to the z-axis. The cone-angle
is largest for the detector rows at the outer edges of
the detector and it increases with increasing number
of rows if their width is kept constant (Fig. 8).

It has to be carefully analyzed if and to which extent
single-slice reconstruction approaches can be extended
to MDCT. MDCT spiral algorithms have to provide
images without severe cone-beam artifacts, they should
allow for a certain variation of the pitch to adjust the
table-feed of the scanner to clinical requirements, and
they should make full use of the available data, i. e. they
should not waste radiation dose.

For CT systems with up to 8 simultaneously
acquired slices, cone-beam artifacts stay at a clini-
cally acceptable level if the cone-angle of the mea-
surement rays is neglected in the image reconstruction
algorithms. The rays are then treated as if they were
perpendicular to the z-axis, and 2D filtered back-
projection is used to reconstruct the images after
spiral interpolation. For CT systems with more than 8
slices the cone-angle has to be taken into account at
least approximately.

Pertinent algorithms neglecting the cone-angle of
the measurement rays are the 180 and 360°MLI
multi-slice linear spiral interpolation approaches
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Fig. 8 Geometry of a 4-slice
CT-scanner demonstrating the
cone-angle problem: the
measurement rays are tilted
by the so-called cone-angle
with respect to the center
plane. Top and bottom
Tllustration of two projections
of an axial scan which are half
a rotation (180°) apart so that

Scan FOV

Slice width
S »

the positions of X-ray tube
and detector are interchanged.
With a single-slice CT system
identical measurement values
would be acquired. With a
MDCT-system, different
measurement values are

Focus

Slice blurring
3S

Scan direction

acquired, and the data are |

inconsistent (see the red ray,
which hits the bone in the fop
position but not in the bottom

position) I

Scan FOV

(Hu 1999; Hsieh 2003) and z-filter techniques
(Taguchi and Aradate 1998; Schaller et al. 2000).
Multi-slice linear interpolation (180 and 360°MLI)
is characterized by a projection-wise linear interpo-
lation between two rays on either side of the image
plane. MDCT-systems using this technique offer
selected discrete pitch values to the operator, such as
0.75 and 1.5 for 4-slice scanning (Hu 1999) or 0.5625,
0.9375, 1.375 and 1.75 for 16-slice scanning (Hsieh
2003). At low pitch (p = 0.5625 or 0.9375 for 16
slices), the effective slice width, i. e. the reconstructed
slice width after spiral interpolation, equals the col-
limated slice width. A collimated 1.25 mm slice,
e. g., results in an effective 1.25 mm slice. The nar-
row slice sensitivity profile is achieved by 180°MLI
reconstruction using conjugate interpolation at the
price of increased image noise (Hu 1999; Hsieh

Scan direction

2003). At high pitch (at p = 1.375 or 1.75 for 16
slices), spiral interpolation results in wider effective
slices. A collimated 1.25 mm slice, e. g., turns out to
be an effective 1.6 mm slice. Image noise at identical
tube current (identical mA), however, is reduced
compared with the situation at low pitch. Scanners
offering discrete optimized pitch values based on 180
and 360°MLI techniques are comparable to single-
slice CT systems in some core aspects: at high pitch
the slice widens and through-plane resolution
degrades. At low pitch narrow effective slices are
obtained, but higher dose is necessary to maintain low
image noise. Scanning at low pitch optimizes image
quality and through-plane resolution at a given col-
limation, yet at the expense of increased radiation
dose to the patient. To reduce patient dose, high-pitch
values should be chosen.
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Fig. 9 Coronal reformats of
a thorax-abdomen scan

(16 x 1.5 mm collimation,
2 mm reconstructed slice
width, pitch 1.25). Left 2D
filtered back-projection
neglecting the cone-angle of
the measurement rays. cone-
beam artifacts are indicated
by arrows. Right Nutating
slice reconstruction AMPR.
Cone-beam artifacts are
reduced

In a z-filter multi-slice spiral reconstruction, the
spiral interpolation for each projection is no longer
restricted to the two rays in closest proximity to the
image plane. Instead, all direct and complementary
rays within a selectable distance from the image plane
contribute to the image. Images with different slice
widths can be retrospectively reconstructed from the
same CT raw data. Hence, z-filtering allows the sys-
tem to trade-off z-axis resolution with image noise
(which directly correlates with required dose). The
reconstructed slice width cannot be smaller than the
collimated slice width. Some z-filter approaches, e. g.
the Adaptive Axial Interpolation used by Siemens
(Schaller et al. 2000), provide a continuous range of
user-selectable pitch values (e.g. from 0.4 to 1.5), and

the effective slice width is kept constant at any pitch.
Therefore, through-plane resolution is independent of
the pitch. CT-scanners with Adaptive Axial Interpo-
lation rely on an “effective mAs” concept. The user
selects an effective mAs-value, and the tube current
(mA) is automatically adapted to the spiral pitch
according to

mA = eff. mAS - p/t,

p is the pitch, f, is the rotation time. As a conse-
quence, radiation dose is independent of the spiral
pitch and equals the dose of an axial scan with the
same mA and the same rotation time. Using higher
pitch does not result in a reduction of radiation dose,
but through-plane resolution is maintained. This is a
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Fig. 10 Axial slices and MPRs of an anthropomorphic thorax
phantom. Scan data for 16 x 0.75 mm collimation (left) and
32 x 0.75 mm collimation (right) at pitch 1 were reconstructed
at 1 mm slice width, with 2D back-projection neglecting the
cone-angle of the measurement rays (fop), with the nutating
slice algorithm AMPR (center) and with 3D back-projection

major difference to single-slice CT or MDCT with
180/360°MLI reconstruction.

Some other manufacturers who use z-filter approa-
ches, such as the MUSCOT algorithm developed by
Toshiba, do not provide completely free selection of the
spiral pitch, but recommend a selection of fixed pitch
values which are aimed at optimizing the z-sampling
scheme and reducing spiral artifacts, such as 0.625,
0.75, 0.875, 1.125, 1.25, 1.375 and 1.5 for 4-slice
scanning (Taguchi and Aradate 1998).

Commonly used reconstruction methods consider-
ing the cone-beam geometry in an approximate way are
nutating slice algorithms and 3D filtered back-projec-
tion. In the early days of 16-slice CT, nutating slice
algorithms were used that split the 3D reconstruction
task into a series of conventional 2D reconstructions on
tilted intermediate image planes optimally adapted to
the spiral path, e.g. the AMPR used by Siemens
(Schaller et al. 2001b; Flohr et al. 2003), see Fig. 9.
This allowed the use of efficient and simple 2D back-
projectors, however, image quality was not sufficient
for CT systems with 64 slices and more.

(bottom). Neglecting the cone-angle leads to cone-beam
artifacts at high-contrast objects (fop) that increase with
increasing number of detector rows. Both AMPR and 3D
back-projection reduce cone-beam artifacts and are practically
equivalent for CT systems with up to 32 detector rows. At
higher number of detector rows, 3D back-projection is superior

Nowadays, 3D filtered back-projection is the
reconstruction method of choice for most MDCT-sys-
tems (Grass et al. 2000; Hein et al. 2003; Stierstorfer
et al. 2004). 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. 3D filtered back-projection, even though itis
an approximate algorithm, can significantly reduce
cone-beam artifacts (Fig. 10). Techniques used in z-
filtering to reconstruct different slice widths from the
same CT raw data can be extended to 3D filtered back-
projection. The characteristics of Adaptive Axial
Interpolation, as an example, originally developed for
4-slice CT, also apply to newer generations of 64-slice
and 128-slice CT systems.

Regardless of the specific reconstruction algorithm
used in a particular CT-scanner, narrow collimation
scanning is recommended because it leads to better
suppression of partial volume artifacts, even if the
pitch has to be increased for equivalent volume cov-
erage. Similar to single-slice spiral CT, narrow col-
limation scanning is the key to reduce artifacts and
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Fig. 11 CT scans of a moving doll phantom simulating motion
of a child without sedation. a and b VRTs and MPRs of the
phantom scanned with a standard spiral (pitch 1, 0.33 s rotation

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.

5 Volume Coverage in Spiral MDCT

In MDCT spiral scans, the volume coverage speed
can be increased by selecting wider collimated slice
widths S, by reducing the gantry rotation time #,o, by
increasing the pitch p and by increasing the number
M of simultaneously acquired slices. A simple equa-
tion relates the volume coverage speed v to these
parameters:

MSp
y =

trol

time) show significant motion artifacts. ¢ and d Using the
DSCT high-pitch spiral (pitch 3.4, 0.33 s rotation time) motion
artifacts are significantly reduced

A scanner with M = 64 collimated detector rows,
S = 0.625 mm, p = 1.375 and t,,; = 0.5 s can be as
fast as 110 mm/s.

Dual source CT (DSCT) systems offer a way to
significantly increase the volume coverage speed
without using wider detectors. With a single-source
CT, the spiral pitch p is limited to p < 1.5 to ensure
gapless volume coverage along the z-axis. If the pitch
is increased to p > 1.5, sampling gaps occur that
hamper the reconstruction of images without exces-
sive image artifacts. With DSCT systems, however,
data acquired with the second measurement system
can be used to fill these gaps. In this way, the pitch
can be increased up to p = 3.4 in a limited SFOV that
is covered by both detectors (Petersilka et al. 2008;
Flohr et al. 2009). At a pitch of 3.4 and 0.28 s gantry
rotation, the table-feed with 38.4 mm detector
z-coverage (2nd generation DSCT) is 450 mm/s.
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Meanwhile, several clinical studies have demon-
strated the successful use of the high-pitch scan tech-
nique for coronary CT angiography in patients with
sufficiently low and stable heart rate, with the potential
to scan the entire heart in one beat at very low radiation
dose (Achenbach et al. 2009; Lell et al. 2009; Leschka
et al. 2009). In a non-ECG-gated version the high-
pitch mode has been used for the examination of larger
anatomical volumes in very short scan times, e.g. when
the patient has limited ability to cooperate, such as in
pediatric radiology (Fig. 11)
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1 Speed of Scanning ;
L. E———; Electrons
1.1 Clinical Demand !

Speed of scanning reflects several aspects during the

examination procedure. It might refer to the overall

duration of diagnostic procedure in its entirety; it

might simply reflect body coverage per time, or even

refer to temporal resolution both in-plane (i.e., within

a given axial slice) and through-plane (i.e., larger

body coverage per time).

— Overall duration
Most abdominal imaging protocols in CT are driven
by the need to capture specific perfusion phases, thus
the overall duration of a CT examination is primarily
determined by physiology. Faster scanning would
not necessarily result in shorter procedure times.

— Body coverage per rotation time
Clinical necessity to increase body coverage per unit
time predominantly arises from the fact that most CT
images are acquired during breath-hold in order to
reduce motion artefacts. Faster CT scanners achieve
greater anatomical coverage during a single breath-hold
period. Modern 64-slice scanners need only a few
seconds to complete an abdominopelvic CT, however,
combined chest, abdomen and pelvis protocols may still
exceed the possible breath-hold length for some patients.
In addition, new CT applications in perfusion imaging
greatly benefit from faster and wider coverage no matter
whether helical or axial scanning modes are used.

— In-plane and through-plane (Z-axis) temporal
resolution
Dramatic improvements in through-plane resolution
have been achieved with the advent of helical scanning
technique, but the hunger for further increases in in-
plane resolution is mainly driven by cardiac imaging in
need of short exposure times to allow motion free
images. For abdominal applications, in-plane temporal
resolution plays a less important role with the exception
of motion artefact reduction in patients who cannot hold
their breath or physically move during data acquisition.

1.2 Technological Development

Most modern CT scanners revolve the gantry at least
twice per second. It seems appealing to have faster
gantry revolving times, however centrifugal forces

I Va
; brrerd
X-ray

Fig. 1 Simplified principle of carbon nanotubes (CNT). CNTs
offer unique advantages for a new generation of X-ray tubes
including low power consumption, long lifetime and pulse
capability

physically set mechanical limits given current gantry
and more importantly, X-ray tube designs. G-forces
already exceed 30 g in some current CT scanners.
Smaller and lighter X-ray generating tubes are a
prerequisite for faster gantry revolving times. It is
hard to predict, but minimal gantry revolving times of
150-200 ms may well be a physical limit given
today’s system components. Such revolving times
combined with dual-source technology will lower the
exposure window for an axial slice (often inaccurately
referred to as in-plane temporal resolution) to less
than 40 ms, likely sufficient for virtually all potential
cardiac applications.

Another problem becomes more evident with fas-
ter scan speeds: the shorter the exposure, the higher
the necessary tube output in order to ensure sufficient
photon flux on the detector side. Maximum tube
power ranges around 100 kW in most CT current
scanners. Distributing the energy to two focal spots is
current practice and predominantly designed to
increase spatial resolution; at the same time, the heat
is distributed to a larger area on the anode that helps
prevent heat damage to the tube.

Will more tubes, maybe a triple-source CT, solve
the problem of limited temporal resolution? Likely
not. Unless alternative sources of X-rays such as
carbon nanotubes (Fig. 1) will emit enough power
sufficient for clinical use, it appears unlikely that
more than two conventional tubes (based on a heated
tungsten filament) will find space within a given
gantry geometry, not to mention subsequent issues
with detector position and respective configuration,
anti-scatter grids and many more. Inverse geometry
CT technology composed of a large distributed
X-ray source with an array of discrete electron emit-
ters and focal spots is believed to carry the potential
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breakthrough in volumetric coverage, dose efficiency,
temporal and spatial resolution (Mazin et al. 2007).

Faster helical scanning—including dual source
helical scanning—has been a quantum leap towards
rapid longitudinal coverage, albeit a small “overall”
enhancement. Apart from the fact that patient accel-
eration and deceleration may set boundaries to further
increase in table speed, faster coverage is beneficial in
recently developed scanning techniques for perfusion
imaging of the abdomen. The so-called “shuttle
mode” enables coverage of larger body areas for
perfusion imaging not limited to the effective detector
width (Okada et al. 2011).

Sixteen centimetre effective detector coverage rep-
resents the current pinnacle in area detector CT and
allows for complete organ imaging without table motion
in less than 350 ms. Further increases in volumetric
coverage inevitably result in increased scattered radia-
tion, cone-beam artefacts, heel effect and over beaming.
It remains to be determined where the acceptable
boundaries are, however, 20-25 cm coverage appear
reasonable and would relevantly reduce scanning time.
The entire abdomen, for instance, could be examined
using a single gantry rotation.

2 Spatial Resolution

2.1 Clinical Demand

Higher spatial resolution appears to be key to success in
CT imaging. In abdominal imaging, both low- and
high-contrast resolution are of equal and critical impor-
tance. As a classical example: detecting contrast material
washout in hepatocellular carcinoma on delayed
imaging requires low-contrast resolution, detecting
small arterial branches within the liver on arterial per-
fusion phase images requires high-contrast resolution.

2.2 Technological Development

Many factors influence the maximum achievable
spatial resolution. In XY-direction (axial plane), high-
contrast spatial resolution is predominantly determined
by the number of projections (sampling frequency) and
the number and size of detector elements. High-
resolution scans should not be acquired with the fastest
gantry rotation on any of the currently available CT

scanners, because the sampling rate usually stays con-
stant thereby limiting spatial resolution; conversely,
longer gantry rotation times facilitate an increased
number of projections. The spatial resolution currently
achieved on scanners from all manufacturers varies
from 0.33 to 0.47 mm (with a high-frequency recon-
struction kernel). The higher the sampling frequency,
the more data are to be collected, stored and eventually
transmitted to the reconstruction unit. Managing the
sheer amount of raw-data signifies a technological
challenge, and further advancements in data transmis-
sion will facilitate faster sampling rates, provided the
detector material allows for respective limiting after-
glow effects.

Minimising detector element apertures continues
to marshal engineering efforts given extremely high
physical demands. As anti-scatter grids and optical
barriers (to prevent detector cross-talk) remain nec-
essary, the overall geometrical efficiency of detector
arrays may suffer even further using smaller elements.
On the other hand, higher resolution aperture should
dramatically improve mid- to high- frequency perfor-
mance allowing for image reconstruction with higher
spatial resolution, especially in unification with iterative
reconstruction methods to overcome associated increa-
ses in image noise (see below). Reconstructible axial
slice widths of less than 0.3 mm will become clinical
reality in the future.

Image noise represents the limiting factor for low-
contrast resolution. Radiation dose concerns in the
public and amongst professionals have shifted research
and development in CT towards dose reduction tech-
niques. Fewer photons inevitably lead to a lower signal
above baseline noise, subsequently resulting in noisier
images. A myriad of techniques to confine image noise
have been developed, amongst which the recently
introduced iterative image reconstruction method
attracts the most attention. Currently, model-based
iterative reconstruction techniques in both the image
and data domain (Fig. 2) are being evaluated (Mieville
et al. 2012) and partially implemented into clinical
practice. It is foreseeable that further advances in
purely raw-data-based iterative reconstruction methods
and improved modelling of scanner properties into the
algorithm will dramatically improve image quality thus
allowing for very low-dose CT imaging in most
abdominal indications. Both low- and high-contrast
resolution will likely be improved using these new
methods.
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Fig. 2 Schematic drawing of the data flow in raw-data-based iterative reconstruction

3 Temporal Resolution

3.1 Clinical Demand

Improvements in temporal resolution may not lie in
the forefront of priorities in abdominal imaging, the
demand is mainly driven by cardiac CT. On the other
hand, shorter in-plane exposure times will reduce
in-plane motion artefacts from breathing, bowel
movements, vessel pulsation or patient unrest during
scanning.

3.2 Technological Development
Accelerating the gantry is an appealing proposal,
however, as described above, basic physical
constrains limit faster gantry revolving times. Nev-
ertheless, with the advent of lighter tubes and further
miniaturization of all electronic components, revol-
ving times of 150-200 ms are feasible and likely to
become reality soon.

Mounting more than one tube within the gantry
represents another solution; dual-source CT units
have been on the market since 2007 and have sig-
nificantly contributed to the success story of cardiac
CT. Mounting more than two conventional tubes
within a gantry might not only be challenging from

the engineering point of view as the gantry becomes
even heavier, the diagnostic value might be rather
limited in light of subsequent problems including
scattered radiation and geometrical constraints (lim-
ited fields-of view for each tube-detector system).
Why not remove mechanical constraints as the
limiting factor entirely for enhanced temporal resolu-
tion? Electron-beam CT with its unrivalled exposure
time of 50 ms per sweep has been extensively evalu-
ated for cardiac imaging (Enzweiler et al. 2004). Image
quality never reached the standard of conventional
gantry designs and output restrictions of the X-ray gun
limited its ubiquitous use in abdominal imaging. The
scenario might change again as soon as alternative
small X-ray sources in fixed position within the gantry
(such as CNTs) will produce sufficient power for clin-
ical imaging needs. Prototype scanners, albeit for non-
clinical applications, are currently being developed and
tested. Preliminary results are promising (inverse
geometry CT) (Mazin et al. 2007; Schmidt 2011).

4 Image Quality

4.1 Clinical Demand

Generating artefact-free high-quality images is the
essence of research and development in CT technology.
Apart from high-contrast, low-contrast, temporal
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Fig. 3 Example of image quality improvement by means of
model-based iterative reconstruction. Note: Not only contains
image (b) less image noise (translating into ~50% radiation
dose reduction), the vascular contrast (best seen within the

resolution and artefact reduction: pixel noise—often
referred to as “image noise”—is perceived as the
leading parameter that determines overall image
quality. With the current focus on radiation dose
amongst the public and professionals, dose reduction
has attracted a lot of attention and evolved as a deter-
mining factor for modality decision making. Unfortu-
nately, radiation dose reduction, unless compensated
for by other methods, inevitably leads to noisier images
which is why a significant volume of research is
devoted towards noise reduction methods. High image
noise and severe artefacts may render CT images non-
diagnostic (Barrett and Keat 2004).

4.2 Technological Development

Currently, the key to success in noise reduction is
iterative image reconstruction techniques (Yu et al.
2011). Be they based on image data, raw-data domain
or a combination of both, iterative methods have
already demonstrated their effectiveness in noise sup-
pression while maintaining diagnostic image quality.
Although available clinical data are still preliminary,
it seems that radiation dose reduction of more than
50% is clinically achievable without jeopardising
overall diagnostic image quality (Fig. 3). Since image
noise predominantly degrades low-contrast resolution,

kidney) is perceptibly increased at the same time. a Conven-
tional filtered back-projection (FBP). b Model-based iterative
econstruction (AIDR 3)

one might expect relevant improvements in low-
contrast resolution using the new reconstruction
methods. It is expected that in the near future, raw-
data-based iterative reconstruction algorithms with
improved modelling will become the standard method
in CT imaging.

Reduction of artefacts mainly from radio-dense
implants such as metallic prostheses has been a focus of
research for decades. Many mathematical approaches
for metal artefact reduction (MAR) have been devel-
oped and explored of which the most simple, linear
interpolation to gap the metal shadow, performed not
dissimilar as more complex approaches (Kalender et al.
1987). However, all previously assessed MAR algo-
rithms, besides removing the metal artefacts, intro-
duced new artefacts and cannot completely recover the
information from the metal trace. More advanced
methods such as empirical beam-hardening correction
(EBHC) and normalised MAR (NMAR) are currently
under investigation; both have proven to be quite
effective in phantom studies and initial clinical appli-
cations (Kyriakou et al. 2010; Meyer et al. 2010)
(Fig. 4). Without doubt, these or similar mathematical
methods will be integrated into future CT reconstruc-
tion algorithms and thus will contribute to further
image quality improvements in abdominal imaging.

Motion plays a minor role in abdominal CT,
although pulsation artefacts may occur in the aorta or
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Fig. 4 Axial scan though the hip. The original uncorrected
image (a) exhibits severe amounts of streak artefacts caused
by the metallic hip implant. Diagnostic image quality may be

renal arteries and thus reduce conspicuity of small
vascular details. In cardiac imaging, repeated (and to
the major part predictable) motion occurs. In principle,
feeding preexisting anatomical knowledge into the
reconstruction process may be utilised in many ways,
contributing to improved temporal resolution and
motion correction (Tang et al. 2010). Prior image
constrained compressed sensing (PICCS) has been
shown to improve temporal resolution especially in
cardiac CT. One might expect improvements of tem-
poral resolution by a factor of 2 without modification of
scanner hardware, however, evaluation of these meth-
ods are necessary in order to assess their applicability
and usefulness in general body CT.

5 Radiation Dose

5.1 Clinical Demand

Exposure to radiation has become a major public
concern (see following chapter) in particular as
hypothetical risks have been falsely perceived as
evidenced-based knowledge. In any event, radiation
dose concerns have driven research endeavours in CT
for the past decade and we are about to see major
technological steps towards low-dose and ultra-
low-dose imaging strategies. Radiation dose reduction
today is all about increased dose efficiency along
the chain of detectors, amplifiers (data acquisition
system, DAS), data transmission and reconstruction
algorithms. The goal however is to utilise the least
amount of radiation in order to obtain an image quality

restored image (b) using normalised metallic artefact reduction
(NMAR) (courtesy Marc Kachelriess)

that is believed to be diagnostically sufficient. For that
reason, dose reduction may be achieved in many ways
including image noise reduction alone or improving
low-contrast resolution. Improved temporal resolution
may translate into lower radiation doses if shorter
exposure times can be applied for motion capture.

5.2 Technological Development

Image noise reduction is the most obvious method for
dose reduction as one can afford less radiation dose to
achieve similar noise levels in the final image.
Quantum noise dominates at higher doses, whereas
electronic noise (i.e., noise originating from all elec-
tronic components within the detector and amplifier
chain) typically dominates at low-dose levels.
Increased integration and further miniaturisation of
electronic components will contribute to a lower elec-
tronic noise floor allowing for improved signal-to-noise
ratio in ultra-low-dose applications.

Another development for further noise reduction at
the detector side is to reduce the number of steps
required for conversion of X-ray photons into an
electrical signal. In current solid-state detectors,
X-ray photons are converted to light and light is
converted to an electrical signal. Photon-counting
detectors convert X-ray photons directly into an
electrical charge (Fig. 5). The pulses created in the
detector by the incident photons are easily detected,
since the pulse height is typically an order of mag-
nitude higher than the electronic noise in the detector.
Thus the detector counts the number of peak pulses
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Fig. 5 Conventional detector design. a Incident photons are
converted to light within the solid-state detector material, and
in a second process, light is converted to an electrical charge.
The charge is then integrated and stored in a capacitor. Photon-
counting detectors (b) directly convert X-ray photons to charge
that is amplified, counted and processed

and virtually no other signal. Following processing
steps including pulse shaping and height analysis, the
electric signal may be assigned to more than one
energy bin, allowing for spectral analysis of the
original X-ray signal(s) (Mieville et al. 2012; Wang
et al. 2011). The lack of electronic noise and the
ability to perform spectral analysis are paired with
other advantages of photon-counting detectors, such
as nearly 100% geometric efficiency (in comparison:
current CT detector arrays range between 60 and 80%
geometric efficiency), potentially higher spatial reso-
lution and contrast-to-noise optimisation. Although
the advantages of photon-counting detectors are
appealing and obvious, their utilisation in clinical
scanners remains far down the road as many chal-
lenges are to be overcome, including count-rate
capability and count-rate-dependent energy response,
not to mention the increased cost of this technology.

The current and near future perspective is that
iterative reconstruction techniques, as described
above, will continue to be the frontrunner of all dose
reduction efforts. The impact of iterative methods is
highest when data quality is poor such as with low-
dose protocols or in large patients. Dose reduction

without loss of diagnostic image quality has already
been proven to be possible by means of statistical
reconstruction and simple iterations in the image
domain. Further sophistication predominantly in the
field of modelling scanner characteristics into the
reconstruction process invigorate the assumption that
dose reduction of more than 75% will be clinically
manageable.

6 And Even More ...

Many current and future developments aim at
improving image quality, reducing artefacts and
radiation dose at the same time. kV adaptation serves
as a good example. Based on the fact that X-ray
penetration depends on its energy, kV adaptation to
body size, similar to tube current modulation, will
reduce artefacts and thereby improve image quality
(Pinho et al. 2011). This will likely translate into
some radiation dose savings.

Refinements in dual-energy CT regardless of its
technical implementation (kV switching, dual-source,
back-to-back or dual-energy helical scanning) are
imminent and will make this interesting application
even more suitable for general clinical
New scintillator material that features a negligible
afterglow in conjunction with a 100-fold faster reac-
tion time allows for recording of 7,000 views per
second and may be one of the prerequisites for single-
source ultra-fast dual-energy switching, promising
almost simultaneous spatial and temporal registration
and material decomposition without limiting the
scan field-of-view. Fewer beam-hardening artefacts,
metal artefact reduction and further improvements
in contrast-to-noise ratio are some of the benefits
resulting from new scintillator material.

As photon-counting detectors are far from being
introduced into clinical scanners, a simple but effective
solution for post-patient energy separation lies in a
double-layer detector design (Rogalla et al. 2009). The
upper layer predominantly receives photons with lower
energy and the lower layer receives photons with higher
energy. Summing the signal from both detector layers
returns the full signal as in a single-layer detector, but
separate readouts from both layers allow for simple
spectral analysis of the X-ray beam. This technology
remains currently under clinical evaluation.

use.
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Fig. 6 Initial imaging experience in human tissue using phase-contrast CT (from: Donath et al. 2010)

Although in its earliest stage of development from
the clinical perspective, phase-contrast CT carries a lot
of clinical potential (Donath et al. 2010). Promising
experimental results have recently been obtained in
material science, biological applications (Bronnikov
2002) and in smaller body parts (Fig. 6). Moving away
from absorption CT might sound revolutionary: various
human tissues demonstrate very weak absorption con-
trast, however, produce significant phase shifts in the
X-ray beam. The use of phase information for imaging
purposes therefore appears to be a suitable alternative
for imaging, likely contributing to further radiation
dose reduction in the future.

7 Summary

MSCT has—without doubt—reached a very high
degree of maturity, mastering almost all clinical
demands. Nevertheless, it would be foolish to believe
that technology has reached its true pinnacle. Whilst
acknowledging the risks of drifting into speculation,
the following technological advances are likely to
become clinical reality in the near future:

— faster gantry revolving times,
200 ms,

— improved temporal resolution, probably around
40-50 ms,

— larger area-detectors for extended anatomical
coverage without table motion,

— smaller detector elements leading to higher spatial
resolution,

— improved image quality by metal and motion
artefact reduction,

— drastic radiation dose reduction, predominantly by
improved iterative reconstruction methods.
Technological advances currently on the horizon

are:

— new detector materials and designs, photon-counting

detectors,

alternative X-ray sources such as carbon nano-

tubes,

inverse geometry CT,

phase-contrast CT.

In light of most recent quantum leaps in CT

technology and all of the above, computed tomogra-

phy remains one of the most fascinating fields
of technological evolution and will undoubtedly

likely around
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continue to play a pace-maker role for advances in
medical imaging on the whole.
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Abstract

Medical imaging procedures using ionizing radia-
tion always pose some risk of adverse health
effects to the persons examined—in particular
radiation-induced cancer. It is thus necessary to
carefully balance the benefits and risks of these
examinations. This particularly applies to CT
examinations being a major source of patient and
man-made population exposure. This chapter
briefly reviews the evidence on health effects
induced by ionizing radiation, presents the essen-
tial concepts to estimate radiation doses and risks
related to CT examinations, identifies technology-
specific factors influencing patient exposure and,
finally, outlines application-specific measures to
reduce radiation risks to patients undergoing CT
procedures.

Medical imaging procedures using ionizing radiation
always pose some risk of adverse health effects to the
persons examined—in particular radiation-induced
cancer. It is thus necessary to carefully balance the
benefits and risks of these examinations. This partic-
ularly applies to CT examinations because interna-
tional reviews and recent results from various
countries reveal the steadily increasing impact of CT
as a major source of patient and man-made population
exposure to ionizing radiation (Amis et al. 2007; Brenner
and Hall 2007; UNSCEAR 2010). In Germany, for
example, CT procedures accounted for 7% of all
X-ray examinations conducted in 2008, but for nearly
60% of the resultant collective effective dose which
corresponds to a per capita effective dose of 1 mSv
(Nekolla et al. 2010). Even higher numbers of per
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capita effective doses due to CT are reported for Japan
(Nishizawa et al. 2004) and the USA (Mettler et al.
2009). This chapter briefly reviews the evidence on
health effects induced by ionizing radiation, presents
the essential concepts to estimate radiation doses and
risks related to CT examinations, identifies technol-
ogy-specific factors influencing patient exposure and,
finally, outlines application-specific measures to
reduce radiation risks to patients undergoing CT
procedures.

1 Health Effects Induced by lonizing
Radiation and Principles
of Radiation Protection

Exposure to ionizing radiation may lead to early or
late health effects which may be either non-stochastic
or stochastic. A non-stochastic (or deterministic)
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 proba-
bility of inducing the effect does increase with
increasing dose. Examples for stochastic effects are
cancer or hereditary disorders.

Cancers caused by ionizing radiation occur several
years to decades after the exposure has taken place
(latency time). They do not differ in their clinical
appearance from cancers that are caused by other
factors. A radiation-induced cancer cannot be recog-
nized as such, and it is only by means of epidemio-
logical studies that increases in the spontaneous
cancer incidence rates of irradiated groups can be
detected. Ionizing radiation is the carcinogen that has
been studied most intensely.

Increased cancer rates have been demonstrated in
humans through various radio-epidemiological
studies at moderate or high doses, i.e. organ or
whole-body doses exceeding 50-100 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
between radiation risk and a variety of factors,
such as the absorbed dose, the age at exposure, the

age at diagnosis and other parameters. The LSS
provides data with good radio-epidemiologic
evidence due to the large size of the study popu-
lation (about 86,600 individuals with individual
dose estimates), the broad age- and dose-distribu-
tion, the long follow-up period (about half a cen-
tury) and an internal control group (individuals
exposed only at a minute level or not at all) (BEIR-
VII 2006). The LSS is, therefore, the major source
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.
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 evi-
dence, estimates on risk, derived from high doses,
have been extrapolated down to low dose levels by
various scientific bodies, including the ‘International
Commission on Radiological Protection’ (ICRP-103
2007), the ‘United Nations Scientific Committee on
the Effects of Atomic Radiation’ (UNSCEAR 2000),
and the ‘Biological Effects on Ionizing Radiation’
committee (BEIR-VII 2006). 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 (a) any radiation dose—
no matter how small-may cause an increase in risk
and (b) the probability of this increase is proportional
to the dose absorbed in the tissue. Although the risk
evaluated at low dose levels is thus hypothetical, it is
prudent to assume that it exists and that the LNT
model represents an upper bound for it. It is for this
reason that current radiation protection standards as
well as risk assessments are based on the LNT
hypothesis (ICRP-103 2007).

In line with this philosophy, the ICRP emphasizes
that proper justification and optimization of medical
procedures are indispensable principles of radiation
protection in medicine (ICRP-105 2007):

(66) Justification of a procedure for an individual
patient should include checking that the required
information is not already available. Usually, no
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additional justification is needed for the application of
a simple diagnostic procedure to an individual patient
with the symptoms or indications for which the pro-
cedure has already been justified in general. For high-
dose examinations, such as complex diagnostic and
interventional procedures, individual justification by
the practitioner is particularly important and should
take account of all the available information. This
includes the details of the proposed procedure and of
alternative procedures, the characteristics of the
individual patient, the expected dose to the patient,
and the availability of information on previous or
expected examinations or treatment.

(69) Optimization of radiological protection means
the same as keeping the doses ‘as low as reasonably
achievable, economic and societal factors being taken
into account,” (ALARA) and is best described as
management of the radiation dose to the patient to be
commensurate with the medical purpose”. (70)
Although “dose constraints for patients are inappro-
priate ... management of patient dose is important and
often can be facilitated for diagnostic and interven-
tional procedures by use of a diagnostic reference
level, which is a method for evaluating whether the
patient dose is unusually high or low for a particular
medical imaging procedure.

2 CT Dosimetry

2.1 Fundamental Dose Quantities

It is generally assumed that the probability of detri-
mental radiation effects is directly proportional to the
energy deposited by ionizing radiation in a specified
organ or tissue, 7. Therefore, the fundamental dosi-
metric quantity is the absorbed dose, which is defined
as the radiation energy absorbed in a small volume
element of matter divided by its mass. In the SI sys-
tem the absorbed dose, D, is given in the unit Gray
(1 Gy = 1 J/kg). For radiological protection pur-
poses, the absorbed dose is averaged over an organ or
tissue and weighted by a dimensionless radiation
weighting factor, wg, to reflect the higher biological
effectiveness of high-LET as compared to low-LET
radiations. The resulting weighted dose is designated
as the organ or equivalent dose, Hy, and given in the
unit Sievert (1 Sv = 1 J/kg). For low-LET radiation,

such as X-rays, wg is equal to 1. Whenever an organ
is only partially irradiated, as in the case of an organ
extending over the whole body (e.g., red bone marrow
or skin) or an organ situated at the border of the
irradiated body region, the organ dose may differ
markedly from the absorbed dose at different posi-
tions within that organ.

Tissues and organs are not equally sensitive to the
effects of ionizing radiation. Due to this reason, tissue
weighting factors, wr, are provided by the ICRP for a
reference population of equal numbers of both sexes
and a wide range of ages (ICRP-60 1991, ICRP-103
2007). These factors indicate the relative proportion
of each organ or tissue to the total health detriment
resulting from a uniform irradiation of the whole
body. Detriment is a multidimensional concept: its
principal components are the stochastic quantities
probability of the attributable fatal cancer, the
weighted probability of attributable non-fatal cancer,
the weighted probability of severe heritable effects,
and the length of life lost if the harm occurs (ICRP-
103 2007). If the body is exposed in a nonuniform
manner, as for example in a patient undergoing a CT
examination, the sum of the products of the organ
doses and the corresponding tissue weighting factors
determined for each of the various organ or tissue
exposed has to be computed.

E:ZWTHT with ZWTil
T T

The resulting quantity is denoted as effective dose E
(in Sv). Based on this dose quantity, it is possible to
assess and to compare the probability of stochastic
radiation effects resulting from different radiation
exposures—as for example diverse X-ray procedures
yielding a different pattern of dose distribution in the
body. It should be noted, however, that the concept of
the effective dose facilitates only an over-all, not an
organ-specific assessment of stochastic radiation risks
and is aimed at large, age and gender averaged collec-
tives such as the working population or the whole pop-
ulation in a country. Nevertheless, this generic approach
provides a rational framework for the justification and
optimization of radiological imaging procedures.

Based on the latest available scientific information,
the tissue weighting factors, wz, have been modified in
2007 by the ICRP (ICRP-103 2007). As Table 1
reveals, the most significant changes from the previous

(1)
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Table 1 Tissue weighting factors, wz, given by the ICRP in 1990 and 2007. They characterize the relative susceptibility of

various tissues and organs, 7, to ionizing radiation

Tissue or organ

ICRP-60 1991

Gonads

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

Remainder tissues®

ICRP-103 2007

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

Gonads
Bladder, esophagus, liver, thyroid,

Bone surface, brain, salivary glands, skin

wr

0.20
0.12
0.05
0.01
0.05

0.12
0.08
0.04
0.01

The ‘remainder tissues’ consists of the following group of additional organs and tissues with a lower sensitivity for radiation-
induced effects for which the mass-weighted average combined with a ‘splitting rule’ (ICRP-60) or the simple arithmetic average

(ICRP-103) of organ doses must be used

4 adrenals, brain, extrathoracic airways, small intestine, kidneys, muscle, pancreas, spleen, thymus, and uterus

b

intestine, spleen, thymus, uterus/cervix

adrenals, extrathoracic region, gall bladder, heart, kidneys, lymphatic nodes, muscle, oral mucosa, pancreas, prostate, small

Table 2 Representative dose values for CT scans frequently carried-out in Germany in 2008/09

Examination CTDI,, (mGy) DLP (mGy cm) E* (mSv)

Median Inter-quartile range Median Inter-quartile range ICRP-60 ICRP-103
Brain 55.1 46.8-62.4 763 611-888 1.9 1.9
Thorax 9.3 6.9-11.1 292 235-378 4.6 6.1
Upper abdomen 11.5 10.5-13.4 408 309-539 7.4 79
Abdomen 13.4 10.4-18.3 631 485-905 10.9 10.0
Lumbar spine 315 27.1-42.0 290 221-397 44-63° 5.0-6.5°
Pelvis 14.4 10.6-18.9 331 250-456 6.1 43

4 Effective dose derived from organ doses estimated with CT-Expo (V.1.5)
® The effective dose depends on the position of the scan range within the lumbar spine

held values (ICRP-60 1991) relate to breast
(0.05 — 0.12), gonads (0.2 — 0.08), and the remain-
der tissues (0.05 — 0.12 using a simplified additive
system). These modifications lead to a decrease of the
effective dose of CT examinations performed in the
pelvis region and to an increase in case of examinations
performed in the breast/thorax region (Table 2).

2.2 Dose Descriptors

In practice, neither organ nor effective doses can be
measured directly. In order to overcome this diffi-
culty, dose descriptors are frequently used, which can

easily be measured with an appropriate phantom.
These quantities can be used for comparison of dif-
ferent devices and parameter settings within a par-
ticular diagnostic modality (e.g., CT). Moreover, they
form the basis for the estimation of organ and effec-
tive doses.

The basic dose descriptor in CT is the computed
tomography dose index, CTDI (given in mGy). As
illustrated in Fig. la, the CTDI indicates the dose
value inside an irradiated slice that would result if the
dose profile were entirely concentrated in a rectan-
gular profile of width equal to the nominal slice
thickness. Accordingly, all dose contributions from
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Fig. 1 Axial dose profiles for (a) a single-slice CT scan, (b) a
CT scan series with 15 slices acquired with a pitch of p = 1.0
and (c) a CT scan series with 21 slices acquired with p = 0.7.

Fig. 2 Cylindrical standard CT dosimetry phantoms made
from Perspex. The phantoms with a diameter of 16 cm and
32 cm are used for representative CTDI measurements of the
head and trunk, respectively. For dose measurement the pencil
ionization chamber with an active length of 100 mm is inserted
into the holes

outside the nominal slice width, i.e. the areas under
the tails of the real dose profile, are added to the area
inside the slice.

Measurements of the CTDI are usually performed
with a pencil ionization chamber with an active length
of 100 mm, which is positioned at the center
(CTDI o) and at the periphery (CTDI o) of either
a standard body or head CT dosimetry phantom
(Fig. 2). 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.

1 2
CTDI, = 3 CTDooc + 3 CTDloo -

)

axial position [cm]

0 5
aX|aI posmon [cm]

The nominal slice thickness is 10 mm in each case. Indicated
are the weighted CT dose index, CTDI,,, as well as the volume
CT dose index, CTDI,,,, in case of the multi-slice scans

Because the CTDI,, is directly proportional to the
electrical current-time product (Q.; in mAs) chosen
for the scan, it has to be measured only for a single
Q. value but for all combinations of tube potentials
(U in kV) and slice collimations (/) that can be
realized at the specific type of scanner.

Whenever several adjacent slices are scanned
instead of a single slice—as is usually the case in
spiral CT—the dose for a particular slice is increased
due to the contributions from slices in its neighbor-
hood (see Figs. 1b, c). Due to this reason, the dose in
the central portion of the superimposed dose profile is
markedly larger than the peak value for a single slice.
In this case, the average dose is given by the volume
CTDI.

CTDI
CTDI,o = i

(3)

with p being the pitch factor that characterizes the
degree of overlap (or packing) of the slice profiles. In
multi-slice CT (MSCT) this factor is defined as.

TF
hcol N

= 4)
where TF is the table feed, A the slice (or detector)
collimation, and N the number of simultaneously
acquired slices. For p < 1 the slices overlap, which
results in an increase of the local dose. To obtain the
average dose for a multiple-slice CT scan performed
over a larger body region, it is thus sufficient to
measure the CTDI, from a single rotation by
acquiring the dose over the entire dose profile. The
situation is illustrated in Figs. 1b, ¢ for the case of two
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CT series carried out over the same scan length with
p=1 (CTD,, = CTDI,) and p < 1(CTDI,,

> CTDI,,). respectively. The CTDI,,, is the principal
dose descriptor in CT, reflecting not only the com-
bined effect of the scan parameters Q.;, U, p, and A
on the local dose level, but also of scanner specific
factors such as beam filtration, beam shaping filter,
geometry, and overbeaming.

Besides the CTDI,,,, the length of the scan region
is the second important parameter that determines
radiation exposure of patients undergoing a CT pro-
cedure. Therefore, the dose-length product

DLP = CTDI,q - L (5)

(given in mGy-cm) is used as a further dose descriptor
that characterizes the integral dose delivered to the
patient.

According to the revised IEC-standard 60601-2-
44, the CTDI, and DLP value of a CT scan have to
be displayed at the operator’s console of the system.
Table 2 summarizes median values and inter-quartile
ranges of both parameters for CT examinations fre-
quently carried-out in Germany in 2008/09.

2.3 Estimation of Organ and Effective

Doses

As already mentioned, the relevant quantity for gen-
eric risk assessment is the effective dose, which takes
not only the organ doses into account but also the
relative radiation susceptibility of the various organs
and tissues within the scanned body region. Accord-
ing to the generic method presented in the ‘European
Guidelines for Multislice Computed Tomography’
(Bongartz et al. 2004), estimates of the effective dose
(defined according to ICRP-60)

E =Kg - DLP (6)

can be derived from the DLP by using appropriately
conversion factors Kg (in mSv/mGy/cm) given in that
report for six body regions, namely head (0.0023), neck
(0.0054), chest (0.019), abdomen (0.017), pelvis (0.017)
and legs (0.0008). The practical applicability of this
approach is, however, limited since it does not allow
estimating the effective dose for different scan regions.

In order to calculate organ and effective doses for
arbitrary scan protocols, complex radiation transport

16 1
14 - e
10 i

©

[«]

Computed effective dose [mSv]
N
4
[ ]

N

1 T T T T T T T

1 2 4 6 8 10121416
Measured effective dose [mSv]

Fig. 3 Correlation between effective doses determined by the
program CT-EXPO (V 1.5) and thermoluminescent dosimetry
at an anthropomorphic Alderson phantom for 36 CT scans
(head, thorax, abdomen, whole-body) performed at 12 different
scanners (four 1-slice, four 4-slice, two 16-slice and two
64-slice systems). The solid line give the result of a linear
regression analysis (slope, 1.02; correlation coefficient, 0.943)
and the dotted curves the 95% confidence interval, which
includes the line of identity

calculations by means of Monte-Carlo techniques
were performed for anthropomorphic phantoms sim-
ulating the male and female body. The results have
been implemented in PC programs that can easily be
used to estimate organ dose and effective dose for a
given CT scanner and protocol (Kalender et al. 1999;
Stamm and Nagel 2002; ImPACT 2010). For one of
these software tools (CT-EXPO, Stamm and Nagel
2002), the accuracy of the implemented theoretical
formalism has been evaluated by means of dose
measurements performed at an anthropomorphic
Alderson phantom for a variety of scanners and
representative scan protocols (Brix et al. 2004). As
Fig. 3 demonstrates, the values of the computed
effective dose agree quite well with the values mea-
sured by thermoluminescent dosimetry at an Alderson
phantom. The currently available dosimetry programs,
however, do not account for varying tube currents
when using current-modulated automatic exposure
control. In these cases, estimates of at least the
effective dose can be obtained with an acceptable
accuracy when using the average tube -current
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Fig. 4 Distribution of mean DLP values for CT examinations
of the abdomen determined in 115 German hospitals and
private practices (at least 10 patients per facility). Even if the
two outliers are neglected, the dose values varied considerably
by a factor of more than 5. The vertical line gives the third
quartile that was set as DRL for this particular examination. The
25% of X-ray facilities with dose levels above the DRL (red
area) have to optimize their procedures or equipment

displayed after the scan on the operator’s console
(Lechel et al. 2009).

For some frequently performed CT examinations,
effective doses computed for both the old and the new
ICRP tissue weighting factors are given in Table 2.
Depending on the exact position of the scan range,
they can vary to some extent in individual patients.
CT scans of the brain yield the highest local dose
levels (CTDI,,;) but only a relatively low effective
dose—and, in turn, radiation risk (see below)—
because the irradiated tissues have a low tissue
weighting factor. Examinations of the abdomen, on
the other hand, result in much lower local doses but in
a high effective dose due to both an extended scan
range and higher tissue weighting factors of the
exposed tissues.

24 Diagnostic Reference Levels

In its publication on ‘Radiological Protection in
Medicine’ (ICRP-105) the ICRP recommends the use
of diagnostic reference levels (DRLs) for patient
examinations as a measure of optimization of pro-
tection. As a form of investigation level, they apply to
easily measurable dose quantities (in case of CT
examinations the CTDI,, and/or DLP) and are
intended for use as a simple test for evaluating whe-
ther the patient dose (with regard to stochastic effects)

is unusually high for a particular imaging or inter-
ventional procedure. It should be noted, that they do
not apply to individual patients but rather to the mean
dose value determined in practice for a suitable ref-
erence group (comprising at least 10 patients). If
patient doses related to a specific procedure are con-
sistently exceeding the corresponding DRL, there
should be a local review (clinical audit) of the pro-
cedures and equipment. Actions aimed at the reduc-
tion of dose levels should be taken, if necessary.

Reference levels are defined on the base of dose
data from surveys performed in hospitals and private
practices in a particular region or state. Generally, the
third quartile of the mean dose levels evaluated in
these facilities for a particular X-ray procedure
becomes the corresponding reference level. They
should be set by professional medical bodies in con-
junction with national health or radiological protec-
tion authorities and reviewed at intervals that
represent a compromise between the necessary sta-
bility of the protection system and the changes in the
observed dose distributions. Figure 4 demonstrates
the procedure at the example of CT examinations of
the abdomen.

3 Assessment of the Radiation Risk

Related to CT Examinations

The effective dose is not recommended for epidemi-
ological evaluations, nor should it be used for detailed
specific retrospective investigations of individual
exposure and risk (ICRP-103 2007). For the estima-
tion of the potential consequences of a radiation
exposure to individual patients (or asymptomatic
persons in case of screening and preventive diagno-
sis), it is necessary to use specific data characterizing
the exposed individual.

The standard approaches to generate age, gender
and organ specific risk estimates are based on the
so-called excess absolute risk, ear. It denotes the
additional risk of a person of gender S, after an expo-
sure to organ dose D at the age e, to be clinically dis-
eased with a specific radiation-induced cancer at the
age a or, more specifically, in the interval [a,a + 1). It
is commonly calculated from

ar(e,a,D,S) = ro(a,S) +ear(e,a,D,S) (7)
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Fig. 5 Lifetime attributable risk (LAR) for an organ dose of
Ht = 100 mSv in dependence on the age at exposure for those
cancer sites attributing most to the total lifetime risk for
females (left) and males (right). Risks were estimated according
to BEIR-VII models as well as German life tables and cancer

where ar denotes the absolute risk and ry the normal
or baseline risk of a person of gender S to be diseased
with a specific cancer in the interval [a, a + I). If a
relative risk model is used, Eq. (7) can be written as

(8)

with err (e,a,D,S) representing the excess relative risk.
For example, an err (e,a,D,S) = 1 means that the
additional, radiation-induced cancer risk for a person
of gender § who was exposed at age e to an organ
dose D and attained age a is as high as his normal
cancer risk. Estimates of the excess (relative) risk for
specific organs are usually derived from cancer inci-
dence data of the LSS, where a linear dose depen-
dence is commonly assumed for solid tumors, while a
linear-quadratic approach provides better results for
leukaemia. The most recent models are summarized
in the BEIR-VII report (2006).

The site-specific excess absolute lifetime risk or
lifetime attributable risk, LAR, for a person of gender

ar(e,a,D,S) = ro(a,S) - [l + err(e,a,D,S)]

80 0 10 20

30 40 50 60 70 80
Age at exposure [years]

incidence rates. For other organ doses, the LAR can be derived
by assuming a linear dose relationship for solid tumors and a
linear-quadratic relationship for leukaemia (multiplication of
the given LAR values by 9.2H; + 8H%, Hry in Sv)

S who was exposed at age e to an organ dose D is
calculated by summing up all ear (e,a,D,S) values
between e + At (with Az being the minimum latency
period) and the age of, e.g., 85 years, commonly used
for lifetime risk estimates. The ear should be cor-
rected for competing risks by the conditional proba-
bility P (e, a), i.e. the probability that a person of age
e survives beyond the age a

85
LAR(e,D,S) = / ear(e,a,D,S) - P(e,a)da .

a=e+At

©)

The minimum latency period At is the time during
which the radiation-induced cancer typically does not
show clinical symptoms. A At of about 5 years for
carcinoma and of about 2 years for leukaemia is
widely applied for incidence data. To determine the
total LAR for a CT examination, all site-specific LAR
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estimates (i.e. for sites with appreciable organ doses)
have to be summed up.

Applying the BEIR-VII risk models as well as
German disease and life table data (DeStatis 2004,
2010; GEKID 2010), Fig. 5 gives LAR estimates for
cancer incidence for organ doses of Hr = 100 mSv
for those cancer sites contributing most to the total
LAR in dependence on age at exposure. For all organs,
the LAR decreases with increasing age at exposure.
The plots reveal that the female breasts and lungs are
particularly susceptible for the induction of cancer at
ages below 40 years. For example, a breast dose of
Hr = 100 mSv at an age of 20 years is associated
with a risk of 0.63% to develop a breast cancer in the
remaining life. On the other hand, the LAR for radi-
ation-induced leukaemia is comparable for both sexes
and almost constant when the exposure occurs during
adolescence and adulthood.

Figure 6 gives for female and male patients in
Germany, estimates of total LAR for representative
CT examinations of the head, thorax, abdomen, and
pelvis in dependence on the age the CT is performed.
The LAR estimates are based on organ doses calcu-
lated from the median CTDI,, and DLP values given
in Table 2, using the age at exposure and site specific
LAR estimates plotted in Fig. 5. For both sexes, the
highest LAR is associated with CT examinations of
the abdomen. The LAR for an abdomen CT performed
at the age of 20 years is about 0.18% for a female
patient and about 0.15% for a male patient. The LAR

Age at exposure [years]

for an abdomen CT carried-out at the age of 60 years
is about half the value (0.08% for both sexes). For
female patients, the LAR associated with a thorax CT
performed before 30 years of age is virtually the same
as the LAR due to an abdomen CT. This examination
results in a considerably higher LAR for females
compared to male patients due to the higher radiation
risk per dose unit for breast and lung cancer (Fig. 5).
The LAR for a thorax CT performed at the age of
20/60 years is about 0.18/0.05% for a female patient
and about 0.05/0.025% for a male patient. A CT of
the pelvis results in about the same radiation risk for
both sexes. For a CT at the age of 20/60 years the
LAR is about 0.085/0.045% for a female patient and
about 0.08/0.05% for a male patient. A CT of the
brain is associated with a low radiation risk, with LAR
values of less than 0.01% for both sexes.

These LAR values can be compared with estimates
of the lifetime baseline cancer risk, i.e. the “normal”
risk to incur cancer during the remaining lifetime
from, e.g., age 20 years. In Germany, the lifetime
baseline cancer risk for all cancers (excluding skin
cancer) is about 39% for women, and about 47% for
men. The values for lifetime baseline risk for, e.g.,
lung, colon, and stomach cancer are about 2/7, 4/4,
and 2/3% for women/men, and for female breast
cancer it is about 10% (GEKID 2010).

It has to be emphasized that a reliable assessment
of both beneficial and detrimental effects from med-
ical X-rays, particularly from CT examinations, can
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only be performed for well-defined diagnosis-related
subgroups of patients. An overall assessment based
solely on the average dose per patient (or even
inhabitant of a country, Berrington de Gonzalez and
Darby 2004) without considering the underlying dis-
ease is inadequate, because neither the disease-spe-
cific exposure level, age, and life expectancy of the
patients nor their diagnostic and therapeutic benefit
from the examinations are taken into account. Cancer
patients, for example, constitute a small but highly
exposed subgroup of the population. According to a
study by Brix et al. (2009), 6.8 (1.4) % of the cancer
patients in their representative study group received a
cumulative 5-year effective dose from medical X-rays
of more than 100 (200) mSv, with a dose contribution
of about 80% from CT procedures. Nevertheless, the
associated radiation risk is low compared to the
individual benefit of the patients from the examina-
tions and the much higher detrimental effects asso-
ciated with an effective tumor treatment. In the
majority of cancer patients, radiation exposure is
radiobiologically even completely ineffective in the
long term due to their reduced life expectancy. More
critical are, of course, frequent CT procedures per-
formed in younger cancer patients suffering, for
example, from lymphoma (Beyan et al. 2007) or in
patients with chronic but not life-threatening condi-
tions and symptoms (Sodickson et al. 2009).

4 Technology-Specific Factors
Influencing Patient Exposure in CT

There are various technical factors related either to
the hardware design of modern MSCT systems or
inherent to the principle of spiral scanning that
systematically affect radiation exposure of patients
(Nagel et al. 2002):

Detector efficiency. Individual detectors in a multi-
row, solid state detector array are separated by narrow
strips (‘septa’) which are not sensitive to radiation and
thus do not contribute to the detector signal. Due to
the large number of strips, these inactive zones result
in geometrical losses, the degree of which depends on
the design of the detector array. In addition, further
losses occur due to a decrease in sensitivity at the
edges of each row that results from cutting the scin-
tillator crystal. In contrast to a single-row detector

array whose width can be larger than the maximum
slice thickness, the edges of the rows in a multi-row
detector array are located inside the beam. Both
effects result in a decrease of the net efficiency of a
solid-state detector array.

Beam geometry. By using cone beams instead of
fan beams, the incidence of scatter is increased and
requires the use of either more dose to preserve the
contrast-to-noise ratio or technical means associated
with a decrease in geometric efficiency. Scatter radi-
ation also plays a crucial role in systems with two
sources (‘dual-source CT’), where it is not only
recorded by the detector opposite to the source, but
also by the second detector.

Overbeaming. In MSCT, data from each detector
contribute to every reconstructed image. Therefore,
the image noise and the slice sensitivity profile for
each slice need to be similar to reduce image artifacts.
To accommodate this condition for MSCT systems
with more than two detector rows, beam collimation
is usually adjusted in such a way that the focal spot-
collimator blade penumbra falls outside the edge
detectors. The resulting overbeaming causes an
increase of the radiation dose as compared to single-
slice scanners, where the collimator width was in
general smaller than the maximum detector width.
With the availability of MSCT systems capable of
scanning 16 or more slices simultaneously the over-
beaming effect becomes less important.

Overranging. In spiral CT, the actual scan range is
larger than the range defined at the operator’s console,
because additional data are required for interpolation
at the beginning and the end of the body region to be
scanned. The additional exposure of patients resulting
from this effect increases with an increasing width of
the detector arrays. This constitutes a particular
problem when using a limited scan length, as for
example in case of CT examinations of a newborn
baby or a small child.

Tube output and rotation time. The improved output
of modern X-ray tubes in combination with a reduced
rotation time allows for significant changes in scan
protocol settings. The ability to scan a given volume in
a reduced time with a smaller slice thickness, thus
enabling the production of ‘isotropic voxels’, is the
most prominent implication that may considerably
increase patient exposure if not adequately handled
(see below).



Radiation Exposure and Risk Associated with CT Examinations

35

5 Application-Specific Measures

to Reduce Patient Exposure in CT

The primary measure to reduce radiation risks to
patients, notably in the case of CT, is the avoidance of
unjustified examinations—whether because the
expected diagnostic benefit is low or because the
relevant diagnostic information can be obtained by
imaging techniques not using ionizing radiation (such
as magnetic resonance imaging or sonography). When
a particular examination is justified, the emphasis
must be on dose optimization. The key factors toward
optimization of CT protocols are (Nagel et al. 2002;
Brix et al. 2003; Kalra et al. 2005; Catalano et al.
2007; Nievelstein et al. 2010):

Limiting the region of the body to be scanned to the
smallest necessary area, in particular in case of
multiphase and follow-up studies.

Reducing the number of scan series to the bare
minimum. For example, multiphase scans of the
liver should be avoided unless they are likely to
yield useful and relevant information.

Adaptation of the current—time product and if
appropriate of the tube voltage to the size of the
patient, particularly in case of children.

Using a pitch greater than 1 where it is clinically
appropriate (at least when the electrical current—
time product is not automatically adapted when the
pitch is changed).

Acceptance of a higher noise-level when using a
narrow slice collimation. Detail contrast of small
lesions is enhanced with narrow slice collimation
due to the reduction of partial volume effects in
axial direction and thus the contrast-to-noise ratio
is considerably improved even in the presence of an
increased noise level.

Shielding of radiation-sensitive organs.
Optimization can further be facilitated by technical
means (Kalender et al. 2008). Meanwhile, all CT
manufacturers have developed systems for automatic
exposure control, which allows reducing the dose to
patients of between 20 and 50% (depending on the
imaged body region) without sacrificing image qual-
ity (Kalra 2004; Gudjénsdéttir et al. 2010). The
principal idea of this approach is to adapt the tube
current to the changing anatomy of the patient, both,
in the transverse plane as well as axial direction.
Further solutions are under development or clinical

evaluation—such as adaptive collimation (Deak et al.
2009), scatter reduction, adaptive post-processing
image filtration (Leander et al. 2010) or iterative
image reconstruction (Silva et al. 2010).

However, technical means are only a prerequisite
not a guarantee for dose reduction. Of greatest
importance is an appropriate training and guidance of
both the medical and technical staff operating a CT
system with respect to the various factors determining
patient exposure at the particular scanner and of its
reduction.
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contrast low concentration iodine agents need to be
injected at very high flow rates resulting in high
volumes administered to meet these requirements.
Sporadic failure, though, is unpreventable at the
current stage of development. This is due to the
fact that the patient’s cardiac output is not known
prior to scan initiation in most cases. Contrast
media administration is an integral part of the
ongoing evolution of MDCT and needs to be
continuously adopted and optimized to take full
advantage of this technology. The purpose of this
chapter is to give a basic understanding of
physiologic and pharmacokinetic principles, as
well as an understanding of the effects of injection
parameters on vascular and parenchymal enhance-
ment. This will enable the development of opti-
mized contrast agent delivery protocols for current
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1 Basic Principles

MDCT technology continues to evolve rapidly. At the
current stage of development, improvements con-
centrate on gantry rotational speed (up to 270 ms for
a single rotation) and detector width (up to 16 cm
with a collimation of 320 x 0.5 mm). This allows for
a rapid acquisition of large volumes in short time
along the patient’s z-axis. Subsequently, 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.
Vascular imaging, on the other hand, has changed
tremendously. 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 <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 protocols and individual protocol
adaptation.

2 Factors Affecting Contrast
Attenuation

The factors affecting contrast agent attenuation of the
tissue of interest can be separated into three general
categories: patient related, injection of contrast and
CT parameters. The former two factors directly
determine and affect the contrast attenuation process
itself. CT parameters, only indirectly affecting con-
trast attenuation, are critical in permitting optimal
timing of the acquisition to visualize the peak
enhancement of the tissue of interest.

2.1 Patient-Related Factors

The two relevant patient-derived factors that affect
contrast enhancement most are body weight and
cardiac output (or cardiovascular circulation time).

2.1.1 Body-Weight

Body weight (BW) affects the magnitude of both
vascular and parenchyma contrast enhancement
(Heiken et al. 1995; Kormano et al. 1983). 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
contrast attenuation are inversely related in a linear
fashion. However, the timing of enhancement is lar-
gely unaffected, due to a concomitant increase of
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, keeping
the iodine flux rate constant [e.g., 1.2 ml CA
(370mgl/ml) x BW, 1.0 ml CA (400mgl/ml) x BW].
The linear increase of CA volume predominantly
applies to all parenchymal imaging with a more
limited effect on vascular attenuation.

2.1.2 Cardiac Output
Global cardiac function (measured as cardiac output
or cardiovascular circulation time) critically affects
the timing of contrast attenuation (Bae et al. 1998b).
Decreased cardiac function results in a delay of peak
vascular and parenchymal attenuation. But this is only
one parameter affected by cardiac function. The other
one critically affected for all vascular 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
volume is mixed with 1.5-2 times the volume of non-
contrasted blood drained from the inferior vena cava
(IVC). 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 func-
tion this ratio may drop below 1. It is therefore readily
apparent that a patient with a low cardiac output sit-
uation will mix the densely contrasted blood volume
drained from the SVC with a substantially lower
amount of unenhanced blood from the IVC.

In patients with reduced cardiac output, once the
contrast bolus arrives in the central blood compart-
ment, it is obviously more slowly, resulting in a
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Table 1 Effects of cardiac output on contrast material distribution

Cardiac output Attenuation Flow rate Homogeneity Bolus length
low T ! l 1
high I 1 7 l

higher, prolonged enhancement. A consequence of
the slower contrast bolus clearance in patients with
reduced cardiac output is an increased magnitude and
duration of peak aortic and parenchymal enhancement
(Coursey et al. 2009). The rate of increase, however,
is different in the aorta and liver. Whereas the mag-
nitude of peak aortic enhancement increases sub-
stantially in patients with reduced cardiac output, the
magnitude of peak hepatic enhancement increases
only slightly. For higher cardiac output which can
occur for example in patients with anemia, some
stages of sepsis, and in patients with cirrhosis and
portal hypertension, contrast material distribution
behaves contrariwise.

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 cardiac output, but the indi-
vidualization 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 variable cardiac
functions are contrast flow rate and bolus length.
Adjustments should be carried out as outlined in
Table 1.

2.1.3 Central Venous Return
Central venous blood flow is subject to intrathoracic
pressure changes due to respiration (Gosselin et al.
2004). In the setting of CA-enhanced CT, this may be
particularly harmful if a patient performs an ambi-
tious Valsalva maneuver during breath holding.
During a Valsalva maneuver, the intrathoracic pres-
sure increases, which causes a temporary interruption
of venous return from the superior vena cava and a
temporary increase of (non-contrasted) venous blood
flow from the inferior vena cava. The effect of this
flow alteration is a temporary decrease of vascular
opacification. In some cases (especially with fast scan
times), this may cause non-diagnostic opacification of
the entire pulmonary arterial tree.

Avoiding initial deep inspiration before scanning
is suggested as a way to limit the transient interruption

of the contrast bolus artifact. Although this may
result in minor breath holding artifacts, these may be
much more tolerable than the loss of diagnostic
quality.

2.2 Contrast Injection Parameters
Duration of CA injection and iodine administration
rate (iodine flux rate) are the main parameters that
determine attenuation within the tissue of interest.
The programing of power injectors on the other hand
requires volume and rate to be affixed prior to scan
initialization. Volume can be easily calculated by
multiplying 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 com-
pact iodine bolus.

2.2.1 Duration and Flow Rate

The duration of iodine injection critically affects both
magnitude and timing of contrast attenuation (Awai
et al. 2004) (Fig. 1). Increased injection duration at a
fixed flow rate leads to a greater deposition of iodine.
This is particularly important for parenchyma imag-
ing 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 contrast agent administration is long and
ideally suited for a bolus with a long duration at a
reasonable flow rate.

In contrast, arterial enhancement depends on
iodine administration rate and can be controlled by
the injection flow rate (ml/s) (Fig. 2) (Fleischmann
et al. 2000). Thus, most of the angiography protocols
used on modern MDCT scanners with 64 detector
rows or more utilize very high flow rates in order to
yield a compact bolus with steep flanks and a high
peak.
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Fig. 1 Simulated contrast enhancement curves of the aorta.
The effect of injection duration on contrast accumulation and
peak is demonstrated with three different contrast medium
volumes (solid line: 75 ml; dashed line: 125 ml; dotted line:
175 ml). Time-to-peak and magnitude of enhancement peak
increases with contrast medium volume (Modified after Bae
and Heiken 2000)

2.2.2 lodine Concentration

The availability of contrast agents with high iodine
concentrations (above 350 mgl/ml) has recently
attracted a great deal of interest (Becker et al. 2003;
Roos et al. 2004; Suzuki 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
(Fig 3). The temporal window at a given level of
enhancement is wider. Conversely, time-to-peak
enhancement is unaffected because 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
delivery rate. The rapid improvement of current
MDCT generations allows an ever increasing scan
speed. This consequently allows utilizing shorter and
higher contrast peaks, especially for angiographic
applications. In other words, higher iodine concen-
trations are an ideal match for increasing scan speeds.
Many of the rapid angiographic acquisitions amena-
ble on newest scanner generations can only be utilized
relying on the highest iodine concentrations (370-400
mgl/ml) available today.
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Fig. 2 Simulated contrast enhancement curves of the aorta
(dashed line) and liver parenchyma (solid line). Effect of
contrast material injection rate on magnitude and peak
enhancement. In contrast to parenchymal enhancement,
increasing injection rate leads to substantially higher intralu-
minal enhancement (Modified after Bae and Heiken 2000)

2.2.3 Saline Flush

Current double-barrel power injectors are equipped
with two syringes. One is filled with non-diluted
contrast agent, the other with normal saline. The
saline syringe is activated and injects after the con-
trast bolus has been administered completely. The
arm veins can hold up to 10-15 ml of CA, which is
not used for arterial enhancement. Flushing the
venous system with saline immediately after
the injection pushes the CA column completely into
the circulation (Haage et al. 2000). Saline flushing
therefore prolongs and slightly increases arterial and
parenchymal enhancement (Fig. 4) and allows for the
reduced amount of CM (Tatsugami et al. 2007). The
favorable effect of saline flushing is relatively greater
if high injection rates, small total amounts of CA, and
high-concentration CA are used.

2.2.4 Bolus Geometry

During the “first pass” intravenously administered
contrast agents will travel to the right heart, lung and
left heart before reaching the arterial system. When
the contrast medium is distributed in the intravascular
and interstitial space and reenters 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.
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Fig. 3 Contrast enhancement curves of (a) the abdominal
aorta and (b) the liver parenchyma (fixed volume and fixed
injection rate). lodine concentration is 300 (crosses), 350
(squares) and 400 (dots) mg/ml. Contrast medium with a higher
concentration delivers a larger dose of iodine faster and with a
higher magnitude of peak contrast enhancement (Modified after
Bae 2010)

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 up slope and
down slope 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,

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
efficiently utilizes the amount of contrast agent
administered 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. Inadequately implemented CT parameters will
result in a poorly enhanced CT scan, even with per-
fectly determined patient and injection factors.
Scanning parameters such as scan duration, scan
delay and, multiphasic acquisitions during different
phases of contrast enhancement critically affect con-
trast enhancement.

Formerly, for scanners with one to four detectors,
the determination of scan start times was fairly easy.
The scan and subsequently 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,
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Fig. 5 Aortic contrast enhancement curve with two different
scan delays designated for the fast and the slow scans. For
given duration of contrast enhancement or injection, the shorter
the scan duration, the longer the additional delay. Tcmr
indicates contrast material arrival time to reach a certain
threshold (Modified after Bae)

scans became shorter and shorter, allowing for utili-
zation of the maximum height of the contrast bolus
peak. These technical developments rendered scan
timing much more complicated and demanding.

2.3.1 Scan Timing
The time interval for an intravenously injected bolus
of contrast medium to appear in the arterial territory
of interest is generally referred to as the contrast
medium arrival time (Tcymr). As mentioned above,
Temt can vary substantially between patients, due to
patient-related factors, namely if the cardiac output is
restricted. The scanning delay therefore needs to be
individualized relative to the patient’s Tcymr. The
Temt can be determined by either using a test bolus
injection or using automated bolus-triggering tech-
niques. Both approaches measure contrast arrival time
and therefore adapt for varying cardiac output. The
bolus tracking method is the most efficient, according
to our experience. However, the test bolus has the
advantage 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 proximal to the organ of interest.
Traditionally, for slow CTA studies (single-row
and four-detector-row scanners), the scan start was
chosen to equal a patient’s Tcyr. The scan time of
these scanners was not fast enough to allow capturing

the peak of contrast enhancement, but rather to
position acquisition around the peak (Fig. 5). Logi-
cally, this fact resulted in somewhat inhomogeneous
contrast distributions in the acquired axial stack.

Faster helical acquisitions available on newer
scanner generations (16-64-row detectors and
beyond) allow to better utilize the bolus peak (Fig. 5).

A patient’s Tcyt may be used as an individual
landmark, with an additional time delay (‘diagnostic
delay’, AT in Fig 5) before initiation of CT data
acquisition. For example,a scanning delay of Tcymr
+8 s means that scanning will begin 8 s after arrival
of the bolus in a patient’s aorta (Bae 2003; Fleisch-
mann 2003a).

It has been proven both empirically (Cademartiri
et al. 2004b) and theoretically (Bae 2005) that an
accurate AT may significantly improve CT image
quality. Determination of the additional delay, which
is related to scan speed and injection duration, is
critical for fast MDCT. AT can be calculated using
complex models either assuming normal cardiac
function (so-called “variable” approach) or they can
be more or less empirically determined (Bae et al.
1998a). As a rule of thumb AT 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 gantry rotation
and larger detectors).

3 Sample Protocols

According to the numerous clinical indications for
abdominal MDCT, some general considerations have
to be made to ensure sufficient arterial and/or paren-
chymal contrast opacification.

With modern MDCT, it is possible to achieve two
arterial contrast phases—the early, which occurs
approximately 20 s after injection, and the late arte-
rial phase (30-35 s after injection). In the early arte-
rial phase there is high enhancement in the arterial
vessels but relatively little enhancement of the
parenchyma or hypervascular lesions.

In the late arterial phase, solid, hypervascular neo-
plasms, e.g. hepatocellular carcinoma, will enhance
maximally, whereas the parenchyma will enhance
little due to predominantly portal venous supply.



Contrast Agent Application and Protocols

43

r

Fig. 6 Arterial scan of the abdominal vessels showing a
patient with pseudoaneurysm of the lienal artery after pancre-
atitis (arrow). The scan was performed on a 64-row MDCT.
Due to patient related factors, Tcyr Was long in this case with
28 s to reach 150HU in the abdominal aorta, the additional
diagnostic delay was 15 s

The pancreatic parenchymal phase starts 30-70 s
(with a peak at 40-45 s) post injection and provides
the highest rates of enhancement of the pancreas.

The portal venous phase or hepatic parenchymal
phase occurs 60-70 s after the start of CA injection
with maximum enhancement of the hepatic
parenchyma.

Hypovascular tumors, such as colorectal metasta-
ses are seen best in this contrast phase as they appear
hypodense to the enhanced parenchyma.

For an elective diagnosis of the bowel wall, the
portal venous phase (60 s post injection) with med-
ium flow velocity is suitable for optimal visualization
of the layers of the bowel wall.

3.1 CT Angiography

CT angiography has a wide range of applications in
the abdomen including vascular pathologies either
occlusive or aneurysmal (Fig. 6), detection of gas-
trointestinal and peritoneal bleeding as well as the
illustration of vascular disorders and variants. It
enables the radiologist to produce vascular mapping
that clearly show tumor invasion of vasculature and
the relationship of vessels to mass lesions. It is often
helpful in preoperative planning for hepatic resection
and preoperative evaluation and planning for liver
transplantation.

The scan delay is best achieved with an ROI
placed in the descending aorta. The diagnostic delay
time (AT) should equal peak enhancement for one to
four detector rows and is consecutively longer for
faster scanners (e.g. 1664 rows) (Fig. 5).

Arterial enhancement continuously increases over
time with longer injection durations due to the
cumulative effects of bolus broadening and recircu-
lation. Thus, increasing the injection duration also
improves vascular opacification. In order to utilize
this mechanism in situations with inappropriate vas-
cular access or other reasons 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. 5). Provided
that a suitable vascular access allows rapid flow rates
the injection duration should be timed according to
the equation: 15 s + (scan duration/2). This applies to
injections with a saline chaser of 30—40 ml adminis-
tered at the same flow rate as the preceding contrast
agent. For injections without a saline chaster, 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 protocol should therefore be adapted to
patient body weight. Lower flux rates apply for slim
patients and higher flux rates for heavier ones.
Weight-adapted protocols however are less important
for vascular attenuation than for parenchymal contrast
imaging, but should nevertheless be used in order not
to overdose slim patients.

3.2 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
parenchymal phase. The early arterial phase of
enhancement is useful primarily for the acquisition of
a pure arterial dataset for CTA and has only limited
value for liver evaluations. The late arterial or portal
inflow phase is preferred for the detection of hyper-
vascular primary or metastatic liver lesions (Awai
et al. 2002). The early phase is acquired with a
diagnostic delay (AT) equivalent to arterial aortic
scanning. The late arterial phase is best centered at
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AT = 20 s (Laghi 2007). During this phase, the
hypervascular hepatic lesions enhance maximally,
while the hepatic parenchyma remains relatively un-
enhanced, correlating to the relatively small contri-
bution of the hepatic artery to the total blood supply
of the organ.

The hepatic parenchymal phase, the period of peak
hepatic enhancement, is the phase used for routine
abdominal CT imaging. Most hepatic lesions, includ-
ing most metastases, are hypovascular and are there-
fore best depicted against the maximally enhanced
hepatic parenchyma during this phase. The typical
delay for this phase is dependent on indication.
A fixed delay preceded by a rather slow (typically
2.5-3 ml/s) injection would suffice for single-phase
parenchymal imaging. For a bolus tracking approach
that interleaves multiple-phase imaging with an early
enhancing arterial and a later parenchymal phase, the
typical delay post threshold of the bolus 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
hepatocellular carcinoma (hypoattenuating) and
cholangiocarcinoma (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 parameters: total CA volume and iodine
concentration.

Subsequently the 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 deposited iodine to the patient
weight than for any vascular application. A multi-
center study found that 30 HU was the lowest
acceptable diagnostic threshold to allow hepatic
enhancement beyond 50 HU. Hence, the recom-
mended iodine dose of 0.5 gl should be injected per
kg of patient’s body weight to yield the most efficient
diagnostic peak enhancement of 50 HU. Hepatic
parenchymal enhancement is much less dependent on
flow rate than vascular enhancement (Bae et al.
1998c) (Fig. 2), but if combined in multiple-phase
imaging, rapid injection rates apply for the early
phase. For a single phase application aimed at

Fig. 7 Optimized pancreatic parenchymal phase. Pancreatic
head shows HU values of up to 125. The scan was performed
on a 64-row MDCT. Tcumr was 22 s, the additional diagnostic
delay was 20 s. CM concentration was 1.2 ml CA/kg PW
(370mgl/ml) with a flow rate of 3.5 ml/s

parenchymal imaging, an injection rate of &3 ml/s is
sufficient (Fig. 2).

3.3 Pancreatic Multi-Phasic Imaging
MDCT of the pancreas is usually conducted in a
biphasic (pancreatic parenchymal phase and por-
talveneous phase) protocol (Fig. 7). However, an
arterial phase (scan delay 20 s after start of injec-
tion) for the detection of neuroendocrinal tumors and
possible vessel infiltrations of tumors as well as an
unenhanced phase (for detection of calcifications),
resulting in a quadruple-phase scanning protocol, can
be helpful.

As the pancreatic parenchyma shows—in contrast
to liver parenchyma for example—a higher vascu-
larization, it is necessary to adopt a dedicated pan-
creatic parenchymal phase.

In helical CT era, a fixed delay for the pancreatic
phase of 30-70 s (with a peak at 4045 s) after con-
trast agent injection was recommended. This was
appropriate for longer scan times (approx. 20 s for a
helical scan of the pancreas). MDCT provides much
faster acquisition times and needs no longer than
3-5 s for a pancreatic CT. This renders a fixed scan
delay suboptimal to catch the peak enhancement of
the pancreatic parenchyma. It is well known that an
individualized scan delay is superior to a fixed scan
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delay (Schueller et al. 2006). Using a 16-row MDCT
and a flow rate of 4 ml/s (140 ml, 300 mg/ml), a scan
delay of aortic transit time plus a AT of 28 s provided
optimal parenchymal contrast. In the same study the
authors showed superior parenchmyal contrast at a
flow rate of 8 ml/s compared to 4 ml/s. Furthermore,
it was shown that higher concentrated contrast media
(400 mg/ml) provides better opacification of the
pancreatic parenchym than lower concentrated
(300 mg/ml) (Fenchel et al. 2004).

4 Summary

Many patient-related and injection-related factors can
affect the magnitude and timing of intravenous con-
trast agent attenuation, but these factors may be
grossly separated into two categories: (1) factors that
predominantly affect the magnitude of contrast
attenuation (body size, contrast volume, iodine con-
centration and saline flush) and (2) factors that pre-
dominantly affect the temporal pattern of contrast
attenuation (cardiac output, contrast injection dura-
tion and contrast injection rate).

MDCT, with its dramatically shorter image
acquisition times, permits images with a much better
utilization of peak contrast attenuation. High iodine
concentrations of contrast media and newer scanner
generations are mutually conditional. The very high
iodine flux rates required by angiographic applica-
tions can be met by low concentration iodine agents
only at very high flow rates resulting in high volumes
administered, which is not compatible with compro-
mised cardiac output.

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 non-invasive imaging. CA adminis-
tration is an integral part of this evolution and needs to
be continuously adopted and optimized to take full
advantage 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 enhance-
ment, allows the development of optimized contrast
agent delivery protocols for current and future MDCT.
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Abstract

The role of imaging in patients with cirrhosis is to
characterize the morphologic manifestations of
the disease, evaluate the hepatic and extrahepatic
vasculature, assess the effects of portal hyperten-
sion, and detect and characterize hepatic tumors,
especially differentiating hepatocellular caricnoma
(HCC) from other tumors. CT plays a major role
in the imaging of the liver. The recent develop-
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1 Cirrhosis
1.1 Epidemiology

Cirrhosis is the common end response of the liver to a
variety of insults and injuries and defined as the
histological development of regenerative nodules
surrounded by fibrous bands, which leads to portal
hypertension and end-stage liver disease (Schuppan
and Afdhal 2008). Histologically, cirrhosis is char-
acterized by vascularized fibrotic septa that link portal
tracts with each other and with central veins, resulting
in hepatocyte islands surrounded by fibrotic septa and
that are devoid of a central vein. The major clinical
consequences of cirrhosis are impaired hepatocyte
(liver) function, an increased intrahepatic resistance
(portal hypertension), and the development of hepa-
tocellular carcinoma (HCC). Cirrhosis is the four-
teenth and tenth leading causes of death in the world
and in developed countries (Mathers 2006). Although
any chronic liver disease may progress to cirrhosis,
the most common causes of cirrhosis globally are
thought to be hepatitis B virus (HBV), hepatitis C
virus (HCV), and alcohol. Hepatitis B is the prevail-
ing cause in most parts of Asia and sub-Saharan
Africa, whereas alcoholic liver disease and hepatitis
C, and more recently, nonalcoholic steatohepatitis
(NASH) are the most significant causes in developed
countries (Lim and Kim 2008). Nonalcoholic fatty
liver disease (NAFLD) is now recognized as an
important clinical entity, affecting approximately
20-30% of the adult population in the Western world
(Greenfield et al. 2008).

1.2 Pathophysiology

Cirrhosis is the ultimate result of hepatic injury and
hepatic fibrosis causes architectural distortion and
results in a diffuse disorganization of hepatic mor-
phology with the development of a spectrum of
nodules which are classified into regenerative, dys-
plastic, and neoplastic (Popper 1986). Cirrhosis has
traditionally been divided into three categories: (1)
micronodular cirrhosis, in which less than 3 mm in
diameter, nodules evenly involve every lobule
(Fig. 1); (2) macronodular cirrhosis characterized by
variable-sized nodules (3 mm-a few cm) that are focal

and do not involve every lobule (Fig. 1); and (3)
mixed cirrhosis (Gore 2008). Alcoholism, hepatitis C,
and biliary cirrhosis are frequently associated with the
micronodular pattern whereas virial hepatitis B is
associated with the macronodular pattern. When
regenerative nodules contain iron they are called
siderotic nodules.

As cirrhosis develops, intrahepatic vascular resis-
tance increases and portal perfusion decreases, which
accompanies with increased arterial flow, capillar-
ization of the sinusoid (Schuppan and Afdhal 2008).
Consequently, portal hypertension may develop sec-
ondary to cirrhosis. In patients with portal hyperten-
sion, some of the portal blood may reversely flow
and pass through portosystemic collaterals such as
left gastric vein, esophageal varices, short gastric
vein, umbilical vein, and splenorenal shunt (Fig. 1)
(Perez-Johnston et al. 2010; Moubarak et al. 2011).

1.3 CT Features of Liver Cirrhosis

In general, CT is not sensitive enough to detect early
changes of cirrhosis, but their specificity is high if the
cause obvious (Saygili et al. 2005). Therefore, the
primary role of imaging in patients with cirrhosis is to
characterize the morphologic manifestations of the
disease, evaluate the hepatic and extrahepatic vascu-
lature, assess the effects of portal hypertension, detect
and characterize hepatic tumors, especially differen-
tiating hepatocellular caricnoma (HCC) from other
tumors (Kamel et al. 2005).

1.3.1 Liver Morphology

At an early stage of cirrhosis, the liver may appear
normal on cross-sectional imaging. With disease
progression, heterogeneity of liver parenchyma and
surface nodularity are observed (Brancatelli et al.
2007). In addition, it gives rise to several intra- and
extra-hepatic changes, including regional morpho-
logic changes in the liver, nodularity of the liver
surface, splenomegaly, regenerative nodules, iron and
fat deposition, and ascites, and the development of
varices and collaterals (Fisher and Gore 1985).
Although the classically described findings of cir-
rhosis are common in advanced cirrhosis, they are
seen less frequently in the early stage of the disease,
at which time the liver may appear nodular on CT (Ito
et al. 2000). Enlargement of the hilar periportal space
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Fig. 1 Cirrhosis: pathologic and CT findings. a Micronodular
cirrhosis in a patient with alcoholic cirrhosis. b Corresponding
CT image of micronodular cirrhosis. ¢ Macronodular cirrhosis

and expansion of the major interlobar fissure are seen
in patients with early cirrhosis (Fig. 2) (Ito and
Mitchell 2004). These findings are attributed to atro-
phy of the medial segment of the left lobe, suggesting
that medial segment atrophy may be an initial mor-
phologic change in early cirrhosis (Lafortune et al.
1998).

Although all patients pathologically demonstrate
regenerative nodules, those regenerative nodules are
infrequently seen at CT. Nodularity of the liver con-
tour caused by regenerative nodules, fibrous scarring,
and non-uniform atrophy or hypertrophy could be
demonstrated, especially when ascites is present
(Fig. 2). Caudate lobe hypertrophy is the most char-
acteristic morphologic feature of liver cirrhosis
(Giorgio et al. 1986). The caudate lobe is often spared
from atrophic process in cirrhosis because of its dual
arterial blood supply and a shorter intrahepatic course
of hepatic arteries and portal veins supplying the

in a patient with hepatitis B cirrhosis. d Corresponding CT
image of macronodular cirrhosis with nodular contour and the
dilated left gastric vein (arrowheads)

caudate lobe (Awaya et al. 2002). A ratio of trans-
verse caudate lobe width to right lobe width greater
than or equal to 0.65 constitutes a positive indicator
for the diagnosis of cirrhosis with high level of
accuracy (Fig. 3) (Harbin et al. 1980; Giorgio et al.
1986; Valls et al. 2002). A modified caudate lobe
width to right lobe width ratio, using the right portal
vein instead of the main portal vein to set the lateral
boundary has recently been proposed (Awaya et al.
2002). Other regional changes in hepatic morphology
typically seen in advanced cirrhosis are segmental
hypertrophy involving the lateral segments (2, 3) of
the left lobe (Awaya et al. 2002), and segmental
atrophy affecting both the posterior segments (6, 7) of
the right lobe and medial segment (4) of the left lobe
(Fig. 2) (Lafortune et al. 1998). Enlargement of hilar
periportal space, the notch-sign (Ito et al. 2003) an
expanded gallbladder fossa (Ito et al. 1999a, b, 2000,
2003), pericaval fat collections (Gibo et al. 2001) and
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Fig. 2 Cirrhosis: CT findings. a Contrast-enhanced CT image
shows enlargement of the hilar periportal space (arrowheads)
and hypertrophy of left hepatic lobe. b On portal phase CT
image, expansion of the major interlobar fissure (arrowheads)

generalized widening of the interlobar fissures are
also considered typical findings of cirrhosis (Figs. 2
and 3) (Gibo et al. 2001; Brancatelli et al. 2007). In
advanced liver cirrhosis, colonic interposition
between the liver and the anterior-lateral abdominal
wall is frequently seen (Fig. 3).

Although the patterns of hepatic morphologic
changes overlap among the different causes of
cirrhosis, certain imaging features may suggest par-
ticular etiologic factors. For example, enlargement of
the lateral segment accompanied by shrinkage of both
right anterior segment and left medial segment is
frequently shown in patients with viral-induced cir-
rhosis (Khatri et al. 2010; Ozaki et al. 2010). Marked
caudate lobe enlargement is typically associated
with alcoholic cirrhosis and enlargement of caudate
lobe and the presence of the right posterior hepatic
notch on MR imaging are more frequent findings of
alcoholic cirrhosis than of virus-induced cirrhosis
(Okazaki et al. 2000). Primary sclerosing cholangitis
(PSC) and primary biliary cirrhosis are frequently
associated with hypertrophy of caudate lobe and
atrophy of other areas (Ito et al. 1999a, b).

1.3.2 Portal Hypertension and Mesenteric
Edema

Advanced cirrhosis is also accompanied by alteration

in hepatic blood flow. Periportal fibrosis and regener-

ative nodules cause extrinsic compression and tapering

and widening of the periportal space are seen. Note enlarge-
ment of left hepatic lobe and nodularity of the liver contour
(arrows)

of the intrahepatic portal and venous branches
(Kamel et al. 2005). The decreased portal venous
supply that occurs as a result of liver fibrosis is par-
tially compensated by an increase in arterial blood
supply. Such an increase in arterial perfusion may be
demonstrated by pronounced patchy liver enhance-
ment during the arterial phase (Kim et al. 2009a;
Kang et al. 2011). Therefore, cirrhotic liver paren-
chyma often demonstrates less contrast enhancement
than normal liver and appears inhomogeneous due to
underlying regeneration, fibrosis, and the altered
portal venous flow. Portal hypertension causes com-
plications such as ascites and the development of
engorged and tortuous collateral vessels such as left
gastric vein, esophageal varices, short gastric vein,
paraumbilical vein, and splenorenal shunt (Fig. 4)
(Perez-Johnston et al. 2010; Moubarak et al. 2011).
The paraumbilical veins and the left gastric vein, both
draining into the portal vein, also reopen to form
portosystemic shunts. Other shunts between the portal
and the systemic circulation include splenorenal
collaterals, hemorrhoidal veins, abdominal wall, and
retroperitoneal collaterals. In addition, increased
venous pressure is also responsible for the prominent
mesenteric edema and stranding occurring in 86%
of patients with cirrhosis (Chopra et al. 1999).
Mesenteric edema can be shown as an increase in
the density of the mesenteric fat compared with the
retroperitoneal fat.
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Fig. 3 Advanced Cirrhosis: CT findings. a Contrast-enhanced
CT image demonstrates enlargement of lateral segment of the
left lobe, atrophy of the medial segment of the left lobe (arrow),
and widening of gallbladder fossa (arrowheads). b Contrast-
enhanced CT image shows caudate lobe hypertrophy and right
lobe atrophy. Diagram demonstrates the method of determining
caudate lobe/right lobe ratio. A dashed arrow indicates
transverse diameter of the right lobe whereas solid arrow

1.3.3 Fibrosis

Fibrosis is an inherent part of hepatic cirrhosis, and is
typically detected as patchy fibrosis, as a lacelike pat-
tern, or as a confluent mass. The lacelike type of fibrosis
is best described as thin or thick bands that surround
regenerative nodules. This pattern is best visualized on
non-enhanced CT, and is usually not well visualized on
portal venous phase images (Dodd et al. 1999a, b).
Focal confluent fibrosis is observed in end-stage liver
disease and is usually a wedge-shaped lesion located in
the subcapsular portion of segment 4, 5, or 8, with
associated capsular retraction (Ohtomo et al. 1993a, b).
Delayed, persistent contrast enhancement, along with

depicts transverse diameter of the caudate lobe. ¢ Contrast-
enhanced CT image demonstrates widening of the gallbladder
fossa (expanded gallbladder fossa sign), enlargement of caudate
lobe, and a characteristic notch in the right posterior surface of
the liver (arrowhead). d Coronal reformatted MDCT image
shows interposition of colon between the liver and right
abdominal wall (white arrowheads) due to atrophy of the right
lobe and ascites

the characteristic capsular retraction and typical loca-
tion and shape help to distinguish confluent fibrosis
from HCC (Brancatelli et al. 2009).

2 Hepatocarcinogenesis

2.1 Multi-Step Hepatocarcinogenesis

HCC is the most common primary hepatic malignant
tumor and the fifth most common tumor worldwide
and is the third most common cause of cancer-related
death (Parkin et al. 2001; Schutte et al. 2009; Yang
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Fig. 4 Portal hypertension and mesenteric edema. a and
b Axial contrast-enhanced CT images demonstrate dilated
and tortuous left coronary vein (arrowhead) (a), and retroperi-
toneal vein (arrowhead) (b). ¢ Axial contrast-enhanced CT
image demonstrates mesenteric edema (arrowheads). d and
e Coronal reformatted CT images show decreased caliber of the

and Roberts 2010). One of major risk factors for
developing HCC is chronic hepatitis B and C and
alcohol abuse, especially if the liver cirrhosis is
already present (Gomaa et al. 2008). In case of
underlying cirrhosis, multistep hepatocarcinogenesis
from areas of regeneration to overt HCC has been
reported (Fig. 5) (Choi et al. 1993; Fan et al. 2011).
According to this multistep carcinogenesis, the most
common terminology of the International Working
Party of the World Congress of Gastroenterology
(ICGHN) defined regenerating nodules (RNs), low-
grade dysplastic nodules (DNs), high-grade DNs, and
HCC as steps from regeneration to HCC (Ferrell et al.
1993, 1995; Hytiroglou et al. 2007, 2009; Desmet
2009; Roncalli et al. 2011). In addition, small HCCs
measuring less than 2 cm in diameter are of two
types: vaguely nodular, well-differentiated tumors,
also known as “early” HCCs, and distinctly nodular
tumors, with histologic features of “classic” HCC.
The precancerous lesions include dysplastic foci and
DNs (Park and Kim 2011).

As there is progression along this pathway of mul-
tistep hepatocarcinogenesis, there is a corresponding

main portal vein (white arrowhead) and dilated left coronary
veins (black arrowhead) (d) and paraesophageal veins (white
arrowheads) (e). f Maximum intensity projection image in
portal phase after contrast injection shows developments of
collateral veins in end-stage cirrhosis

decrease in hepatocyte function, Kupffer cell density,
decreased biliary function, progressive sinusoidal
capillarization, and recruitment of unpaired arterioles
(Khatri et al. 2010). Small-sized nodules detected in
cirrhotic liver by imaging include large regenerative
nodules, DNs (low- or high-grade), and small HCCs
(early or progressed). Recently, the clinical detection
rate of these nodules has increased by the development
of cross-sectional imaging modalities. However, the
differential diagnosis of these lesions by imaging
studies may be difficult and even the histological
interpretation of these nodules may be difficult, espe-
cially for the biopsy tissue (Park and Kim 2011).

A DN is a precancerous nodular hepatocellular
region that contains dysplastic features without his-
tologic evidence for malignancy (Earls et al. 1996;
Hytiroglou 2004; Libbrecht et al. 2005). DNs are
subclassified on the basis of the degree of cellular
abnormalities: low-grade (containing hepatocytes
with mild atypia) and high-grade (when the degree
of atypia is moderate, but insufficient for the
diagnosis of malignancy). High-grade DNs are more
likely to progress to HCC than are low-grade DNs
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Multistep pathway
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Fig. 5 Hepatocarcinogenesis: there are two pathways of
carcinogenesis for hepatocellular carcinoma in cirrhosis: mul-
tistep pathway and de novo pathway. One or more regenerative
nodules may show a number of changes in shape and size of
nuclei and the cytoplasm of the hepatocytes (signs of atypia)
and change into dysplastic nodules. Dysplastic nodules show an

(Borzio et al. 2003). A DN that contains a micro-
scopic focus of HCC is called “DN with subfocus of
HCC” (Earls et al. 1996). DNs may contain cells with
features suggestive of a clonal population, such as
accumulation of fat, hemosiderin or copper (Terada
and Nakanuma 1989; Terada et al. 1989). The high-
grade DN are featured with increased cell density of
these lesions, mildly thickened cell plates and foci of
increased cell proliferation may be evident, forming
subnodules within DNs. DNs usually contain portal
tracts, and often contain small numbers of nontriadal
(also called “unpaired”) arteries, and also demon-
strate variable degrees of sinusoidal capillarization,
which is detectable by immunohistochemical stains
for CD31 and CD34 antigens (Park et al. 2000). On
the contrary, the cell density within early HCC is at
least two times greater than that of the surrounding
parenchyma. The tumor cells grow in a replacing
fashion, and portal tracts may be present within these
lesions. Tumor-cell invasion into the intralesional
portal tracts (stromal invasion) is frequently seen
(Nakashima et al. 1999). Detection of heat shock
protein-70 and glypican-3 by immunohistochemical
stains has been suggested as a useful adjunct in dis-
tinguishing early HCC from DNs (Sakamoto et al.
1991; Llovet et al. 2006). Early HCCs receive blood
supply from two sources: vessels of entrapped portal
tracts (branches of the hepatic artery and portal vein),

:WDHCC

MD or PDHCC
(classical HCC)

increased number of cells and cellular density. In addition,
atypia within dysplastic nodules can give rise to early
hepatocellular carcinoma, which represents an early stage of
HCC development with indistinct margin, and finally devel-
oped into small and progressed HCC with different degree of
differentiation

as well as newly formed (nontriadal) arteries.
However, the number of intratumoral portal tracts is
less than one-third of that in the surrounding liver
tissue, while the nontriadal arteries of these lesions
are insufficiently developed (Nakashima et al. 1999;
Kojiro and Roskams 2005). Therefore, cell crowding
and low blood supply may result in hypoxia (Kutami
et al. 2000). Sometimes, nodular aggregates of less
differentiated tumor cells are seen to arise within the
well-differentiated cell population of early HCCs
(Kojiro and Nakashima 1999). Finally, small HCCs of
distinctly nodular type are well-demarcated, often
encapsulated nodules. Approximately 80% of these
lesions are moderately differentiated histologically,
the remaining contains both moderately and well-
differentiated areas (Nakashima et al. 1995, 1999;
Kojiro and Roskams 2005). Portal tracts are not
present within small HCCs of distinctly nodular type,
whereas nontriadal arteries are often plentiful, and
sinusoidal capillarization is well-developed. There-
fore, the blood supply of these lesions is basically
derived from nontriadal arteries (Ito et al. 1999a, b;
Kojiro and Nakashima 1999; Hytiroglou et al. 2007).
In addition, a de novo development of HCC can
occur, and it has been usually seen on normal liver
parenchyma without evidence of cirrhosis or nodules
in Europeans and Americans who have the low inci-
dence of chronic liver disease (Freeny et al. 1992;
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Fig. 6 Multi-step hepatocarcinogenesis and changes of in-
tranodular blood supply. As malignancy grade progresses,
intranodular portal supply gradually decreases during early
stage of hepatocarcinogenesis and finally disappears in mod-
erately differentiated HCCs. On the contrary, arterial supply

Fernandez and Redvanly 1998; Taguchi et al. 2005).
The challenge for the radiologists is to detect pre-
malignant and malignant lesion early, to distinguish
HCC from RNs or DNs in patients with liver cirrho-
sis, and to allocate the patients with HCC properly to
the treatment options which are nowadays available
(Hytiroglou 2004; Zech et al. 2009).

2.2 Multistep Changes of Intranodular
Blood Supply and Drainage Vessels

During Hepatocarcinogenesis

As the progression of multistep carcinogenesis from
regeneration to HCC, increased arterial neovascular-
ization combined with decreased portal blood flow
are the key features of change occurring within the
nodules, and these features were reported by some

A J

Portal supply

Early HCC MD HCC WD HCC

first decreases during the early stage of hepatocarcinogenesis
and then acutely increases, and finally the entire nodule is fed
only by artery in moderately differentiated HCCs (Courtesy of
Matsui et al. 2011)

investigators with CT during hepatic arteriography
(CTHA) and CT during arterial portography (CTAP)
(Hayashi et al. 1999; Matsui 2004). According to the
results of previous studies on CTAP and CTHA, it has
been suggested that the intranodular portal supply
relative to the surrounding liver parenchyma is
decreased, whereas the intranodular arterial supply
is first decreased during the early stage of hepato-
carcinogenesis and then increased in parallel with
increasing grade of malignancy of the nodules
(Matsui et al. 2011). More specifically, normal
hepatic artery decreases in accordance with increasing
grade of malignancy and is virtually absent in HCC,
but abnormal arteries due to tumor angiogenesis
develop in high-grade DN during the course of he-
patocarcinogenesis, and are markedly increased in
number in moderately differentiated HCCs (Figs. 6, 7)
(Kitao et al. 2009). However, there is a fairly wide
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High DN

Intranodular and

perinodular
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Hepatic vein
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Fig. 7 Multi-step changes of drainage vessels and peritumoral
enhancement during hepatocarcinogenesis. In dysplastic nod-
ules or early HCCs, the main drainage route from the tumor is
intranodular or perinodular hepatic vein, but during early stage
of hepatocarcinogenesis hepatic veins disappear from the
tumor, and drainage vessels change to hepatic sinusoids. In
moderately differentiated HCC with pseudocapsule formation,

range of overlap in blood supply patterns among the
various types of hepatocellular nodules (Nakamura
et al. 2007). Nevertheless, small HCCs sometimes
display characteristic radiologic features, such as
“nodule-in-nodule” configuration (Fig. 8) and “corona
enhancement” pattern (Fig. 9) (Efremidis et al. 2007).
It should be noted that a lesion demonstrating hyper-
vascularity (throughout the lesion) on any contrast-
enhanced arterial phase images should be defined as
progressed HCC per the ICGHN criteria, even if the
lesion is less than 2 cm in diameter.

Furthermore, according to a recent study using
CTAP and CTHA, the main drainage vessels of
hepatocellular nodules change from hepatic veins to
hepatic sinusoids and then to portal veins during
multi-step hepatocarcinogenesis, mainly due to dis-
appearance of the hepatic veins from the nodules
(Kitao et al. 2009).

Early HCC

Well HCC Moderately HCC

ﬂ;_'

Portal venules
in capsule and septum

—_—

thick corona enhancement

the communication between tumor sinusoids and the surround-
ing hepatic sinusoids are also blocked, and then, the portal
venules in the pseudocapsule finally become the main drainage
vessel from the tumor. In accordance with the changes of the
drainage vessels, thin to thick corona enhancement appears
surrounding the tumor (Courtesy of Matsui et al. 2011)

3 Imaging Features of Cirrhotic
Nodules
3.1 Regenerative Nodules

In the cirrhotic liver, RNs are macronodular
(>3 mm), as usually seen in chronic hepatitis B, or
micronodular (<3 mm), as seen in other causes of
cirrhosis. Most RNs are difficult to detect at CT
because they are too small or are too similar to sur-
rounding liver parenchyma (Krinsky and Lee 2000;
Kamel et al. 2005; Brancatelli et al. 2007). CT detects
RNs when they are surrounded by hyperdense fibrotic
bands on delayed phase CT (Fig. 10). Siderotic RNs
are typically hyperattenuating to liver parenchyma on
non-enhanced CT and are isoattenuating to liver, and
therefore difficult to detect, after contrast injection
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Fig. 8 Small HCC with nodule-in-nodule appearance. a
Contrast-enhanced arterial phase CT scan shows two enhancing
nodules in segment 5 and segment 1 (arrowheads). b On
the portal venous phase CT scan, the lesion in segment
5 becomes hypoattenuated to the adjacent liver parenchyma. In
addition, the lesion in segment 1 shows much bigger area with

(Ito et al. 1996; Baron and Peterson 2001). However,
in the setting of Budd-Chiari syndrome with cirrhosis,
RNs can have features suggestive of HCC, including a
size larger than 2 cm, and arterial hyperenhancement
(Imaeda et al. 1994; Vilgrain et al. 1999; Brancatelli
et al. 2002). On portal venous phase images, a hyp-
oattenuated peripheral rim or presence of central scar
have also been reported in patients with Budd-Chiari
syndrome (Vilgrain et al. 1999). Although HCC and
RNs may be difficult to distinguish based on imaging
characteristics in the setting of Budd-Chiari, the
presence of more than 10 nodules measuring up to
4 cm in diameter, should favor the diagnosis of RNs
(Vilgrain et al. 1999).

hypoattenuation, which represents so-called “nodule in nodule”
appearance (arrows). ¢ Photograph of the specimen shows a
small classic HCC (arrowhead) in segment 5. d Photograph of
segment 1 lesion shows a small HCC (arrowhead) developed in
the background of dysplastic nodule (arrows)

3.2 Dysplastic Nodules

DNs are seen in 15-25% of patients with cirrhosis
(Krinsky and Lee 2000), although are not seen on
imaging as frequently, possibly because they appear
similar to RNs or the surrounding liver (Baron and
Peterson 2001). DNs receive predominantly portal
venous flow with decreased hepatic arterial flow and
therefore, such low-grade DNs may be indistin-
guishable from RNs based on enhancement charac-
teristics (Lim et al. 2004). Although there have been
some reports that described increased hepatic arterial
blood supply of high-grade DNs and consequent
arterial hyperenhancement mimicking HCC, most
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Fig. 9 HCC with corona enhancement. a Contrast-enhanced
arterial phase CT scan shows hypervascular tumor (asterisk) with
peritumoral corona enhancement (arrowheads). b Contrast-

Fig. 10 Regenerative nodule: CT appearance. Delayed phase
CT scan also shows multiple nodules which are separated by
hyperenhancing fibrous tissues in the liver. Note nodularity of
liver contour, splenomegaly and small amount of ascites

DNs show slightly low or similar degree cumulative
arterial vascularity due to diminished normal hepatic
arterial flow despite of increased neovascularity
(Krinsky et al. 2001; Taouli et al. 2004; Efremidis
et al. 2007; Willatt et al. 2008). On CT imaging, only
10% of DNs were depicted on CT, and most of them
showed hypoattenuation during arterial and/or portal
venous phase (Fig. 11) (Lim et al. 2004). This low
sensitivity of CT for depiction of dysplastic nodule
could be explained by that DNs possess approxi-
mately the same amount of arterial supply as the
surrounding hepatic parenchyma and a normal or
slightly decreased portal venous supply (Ueda et al.
1992). Therefore, in a practical point of view,
since most DNs do not usually demonstrate bright
enhancement on arterial phase CT, marked arterial
phase enhancement should suggest HCC rather than

enhanced portal phase CT scan shows washout of the tumor
(asterisk) ith perilesional enhancement. ¢ Specimen photograph
shows a well encapsulated HCC lesion

dysplastic nodule. A further distinguishing feature of
DNs from HCC is that DNs typically lack a capsule
(Willatt et al. 2008). However, there is still much
overlap in imaging features among regenerative
nodules, DNs and well-differentiated HCC (Branca-
telli et al. 2007). The difficulty in distinguishing
between high-grade dysplastic nodule and well-dif-
ferentiated HCC on CT is paralleled in their histologic
appearance (Khatri et al. 2010). Therefore, triple
phase helical dynamic CT is insensitive for detection
of DN in cirrhotic livers, and DNs are detected and
characterized better by MR than by CT; however,
accurate diagnosis may be made in only about 15% of
cases (Krinsky et al. 2001).

33 Small Hepatocellular Carcinoma

By definition, small HCCs measure less than 2 cm in
diameter (1995). Careful morphologic studies from
Japan have shown that these lesions can be classified
into two types: (1) small HCC of indistinctly
(vaguely) nodular type (early HCC) (Fig. 12) and (2)
small HCC of distinctly nodular type (small pro-
gressed HCC) (Figs. 13 and 14) (Sakamoto et al.
1991; Hytiroglou et al. 2007). Microscopic invasion
of stroma and portal tracts is the primary diagnostic
feature used to differentiate well-differentiated HCC
from DNs (Wanless 1995; Kondo et al. 2009).
Although early HCCs receive blood supply from
both the hepatic artery and portal vein branches,
the number of intratumoral portal tracts is less than
one-third of that in the surrounding liver tissue and
the nontriadal arteries are insufficiently developed
(Nakashima et al. 1999; Kojiro and Roskams 2005).
Therefore, cell crowding and low blood supply may
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Fig. 11 Dysplastic nodule: CT appearance. a Arterial (a) and
portal (b) phase CT scans demonstrate a nodule with subtle
hypoenhancement (arrowhead). ¢ Delayed phase CT scan

shows a hypoattenuated nodule compared with the surrounding
liver parenchyma (arrowhead)

Fig. 12 Small HCC of indistinctly nodular type (early HCC).
a Arterial phase CT scan demonstrates a nodule with subtle
hypoenhancement in segment 6 (arrowhead). b Portal phase

result in hypovascularity of those nodules on CT
(Bolog et al. 2011; Matsui et al. 2011; Sano et al.
2011). On the contrary, small HCCs of distinctly
nodular type are similar to larger examples of classic
HCC not only at the macroscopic, but also at the
microscopic level. Portal tracts are not present within
small HCCs of distinctly nodular type, whereas non-
triadal arteries are often plentiful, and sinusoidal
capillarization is well-developed. Therefore, the
blood supply of these lesions is basically derived from
nontriadal arteries (Ito et al. 1999a, b; Kojiro and
Nakashima 1999; Hytiroglou et al. 2007).
Distinction among RNs, DNs, and HCC with vary-
ing degrees of differentiation requires an assessment of
the hemodynamic nature of the mass (arterioportal
imbalance). In the diagnosis of HCC in patients with
liver cirrhosis using MDCT, the detection of vascular
changes within the hepatic nodules is crucial since there
are no other reliable criteria to detect or characterize
HCC (Zech et al. 2009). The presence of early arterial
enhancement with rapid washout during the portal

CT scan demonstrates a nodule with isoenhancement (arrow-
head). ¢ Delayed phase CT scan shows a hypoattenuated nodule
compared with the surrounding liver parenchyma (arrowhead)

venous phase should be regarded as highly suspicious
for the presence of HCC (Luca et al. 2010; Lee et al.
2011). Characteristically, HCC is hypoattenuating to
liver on unenhanced CT, and manifests as a heteroge-
neous, moderately enhancing lesion during the arterial
phase, with washout on portal venous and delayed
phase (Fig. 15). Other useful characteristics of HCC
are heterogeneity, mosaic appearance, multiplicity,
encapsulation, and portovenous or hepatovenous
invasion (Brancatelli et al. 2007). However, unfortu-
nately, early HCCs are often lack of sufficient arterial
neovascularization, and show isoattenuation to hepatic
parenchyma on arterial-dominant phase (Takayasu
et al. 1995; Bolog et al. 2011; Sano et al. 2011). This
feature can cause the difficulty in differential diagnosis
of hepatic nodule with the liver cirrhosis patients. As
the MDCT images can only show the vascular changes
of lesions, differentiation among the simple RNs,
high-grade DNs, and well-differentiated early HCC
in the cirrhotic liver can be difficult, and this is
the main limitation of MDCT (Burrel et al. 2003;
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Fig. 13 Small HCC of distinctly nodular type (small progressed
HCC) showing atypical enhancement pattern. a Arterial phase
CT scan shows a small hyperenhancing nodule (arrowhead) with

Bartolozzi et al. 2007). This so-called ‘grey zone of
hepatocarcinogenesis’ remains still unclear for imag-
ing [not only MDCT but also magnetic resonance
imaging (MRI)] as well as even sometimes for
pathology (Bartolozzi et al. 2007). However, radiologic
criteria favoring malignancy are as follows: size larger
than 2 cm, washout on delayed phase, delayed
enhancing tumor capsule, and rapid interval growth
(Choi et al. 1993; Krinsky and Lee 2000; Willatt et al.
2008; Lee et al. 2011).

Classification of Nodules
on the Imaging Workup

3.4

For de novo 1- to 2-cm nodules in a cirrhotic liver, the
specificity and positive predictive power of the typical

distinct margin in segment 5. b and ¢ Portal phase (b) and delayed
phase (c¢) CT scans show no washout (arrowheads). d Specimen
photograph shows a well encapsulated HCC lesion

radiological pattern of HCC, which is characterized
by increased contrast enhancement (wash-in) during
the late arterial phase and then by wash-out during the
portal venous or delayed phase with a single dynamic
technique (CT or MRI), have been found to be high in
single-center studies, although the negative predictive
values have been only 42-50% (Fournier et al. 2004;
Luca et al. 2010; Sangiovanni et al. 2010). Therefore,
any new nodule that is greater than 1 cm and shows
this combination of imaging findings can be consid-
ered HCC when it is observed in a cirrhotic liver
(Sherman 2010; Lee et al. 2011). The sensitivity of
this single-technique policy to the malignancy of tiny
lesions is 65%, whereas the sensitivity of the two-
technique policy (suggested by the 2005 guidelines
from the American Association for the Study of Liver
Diseases) is only 35% (Fournier et al. 2004; Bruix and



60 J. M. Lee et al.

Fig. 14 Small HCC of distinctly nodular type (small pro- phase (¢) CT scan shows washout of the lesion. d Specimen
gressed HCC) showing typical enhancement pattern. a Arterial  photograph shows a well encapsulated HCC lesion with a small
phase CT scan demonstrates a hyperenhancing nodule in necrotic portion

segment 3 (arrowhead). b and ¢ Portal phase (b) and delayed

Fig. 15 Small HCC showing heterogeneous arterial hyperen- enhancing nodule in segment 3. b Portal phase CT scan shows
hancement. a Arterial phase CT scan shows a heterogeneously  washout of the nodule
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Fig. 16 Advanced HCC: typical appearance. a Arterial phase CT scan shows a heterogeneously enhancing nodule in segment 7
(arrowhead). b Delayed phase CT scan shows washout and a hyperattenuating capsule

Fig. 17 Hypovascular HCC with fatty metamorphosis. a Pre-
contrast CT scan demonstrates an exophytic, fat containing
mass lesion in segment 3. b Arterial phase CT scan shows faint

Sherman 2005); thus, the adoption of the single-
technique policy could eliminate the use of fine needle
biopsy (FNB) for a final diagnosis in one-third of
patients (Sangiovanni et al. 2010). For hypervascular
nodules without washout that are greater than 1 cm,
the chance of being HCC is as high as 66% (Luca
et al. 2010). Hence, this radiological pattern can be
considered worrisome for the diagnosis of HCC. In
these cases, an additional imaging technique for
detecting washout is advisable so that the malignancy
can be confirmed without FNB.

Additional imaging observations that are more
commonly found in association with HCC include
peripheral rim enhancement during the delayed
phase (Fig. 16), intralesional fat (Fig. 17), an internal

internal enhancement of the lesion (arrowheads). ¢ Portal phase
CT scan shows similar appearance to the arterial phase image

mosaic pattern (Fig. 18), the presence of a tumor
capsul (Fig. 18), vascular invasion on any dynamic
postcontrast imaging (Fig. 19) and interval growth
(maximum diameter increase) of 50% or more on
serial MRI or CT images obtained less than 6 months
apart (Choi and Lee 2010; Pomfret et al. 2010). The
presence of one or several of these features may
increase the confidence of the radiological diagnosis
of HCC. However, hypovascular or isovascular HCC
cannot be diagnosed with the aforementioned radio-
logical criteria. Therefore, image-guided FNB or
follow-up imaging needs to be considered for nodules
that do not meet the qualitative criteria for HCC but
raise concerns about HCC (e.g., there is documented
interval growth) (Lee et al. 2011).
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Fig. 18 Hypervascular HCC with a mosaic appearance and a
peripheral capsule. a Arterial phase CT scan shows a 7-cm
lesion that is heterogeneously hyperenhancing to the liver and
shows a mosaic appearance (arrowheads). b Delayed phase CT
scan shows washout of the lesion with capsular enhancement,

Fig. 19 Diffuse HCC with portal vein thrombosis. a Precon-
trast CT scan shows that the right lobe is hypoattenuated
(arrowheads) compared with the left lobe. b Arterial phase CT
scan shows enhancing thrombus (arrows) within the portal vein
that appears expanded. The presence of tumor thrombus
suggests an underlying mass. Patchy enhancement is noted in
the right lobe mass lesion (arrowheads). ¢ Portal phase CT scan

typical of HCC (arrowheads). ¢ Specimen photograph shows
a well encapsulated HCC lesion with necrosis and confluent
areas of tumor nodularity separated by fibrous septations and
necrotic area

shows washout of the diffuse HCC (arrowheads), as well as
tumor thrombus (arrows) within the portal vein. d Coronal CT
scan that was obtained during arterial phase shows heteroge-
neous enhancement of the mass (arrowheads), and increased
vascularity within the tumor thrombus (arrow). e Specimen
photograph shows a diffuse HCC with portal vein invasion
(arrows)
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Fig. 20 HCC with intratumoral hemorrhage. a Precontrast CT
scan demonstrates a large tumor with internal hemorrhage,
which resulted in hyperattenuation in the central portion of the
main tumor with hypoattenuation (arrowheads). b Arterial

phase CT scan shows patchy enhancement of the tumor with
dilated tumor vessels. ¢ Specimen photograph shows a well
encapsulated HCC lesion with intratumoral hemorrhage

Fig. 21 A poorly differentiated HCC with atypical enhance-
ment. a Arterial phase CT scan shows a tumor (arrows) with
isoenhancement to adjacent liver parenchyma. b and ¢ Portal

4 MDCT Findings of HCC

4.1 Characteristic CT Features of HCC

Imaging finding of HCC seen on MDCT can
be classified as two main categories, i.e. nodular
(Figs. 14 and 19) diffuse infiltrative. Although
nodular HCCs frequently show well-demarcated,
hypoattenuated masses in liver parenchyma on
noncontrast image, sometimes tumor-liver contrast is
insufficient for the detection of HCC on noncontrast
image, and the contour change of hepatic surface is
the only clue for the presence of HCC. In the setting
of cirrhosis, heterogeneity and nodularity of back-
ground liver may make it difficult to detect HCC on
precontrast CT images. Intratumoral calcification,
hemorrhage or necrosis can also be present, and
these may change the attenuation of hepatic nodule
on noncontrast image (Fig. 20). However, for
imaging of HCC and lesions in the cirrhotic liver,

phase (b) and delayed phase (¢) CT scans show hypoenhance-
ment of the lesion (arrows). Two small nodules in the right lobe
were diagnosed as dysplastic nodules

the main diagnostic criterion in CT is the detection
of changes in the vascular supply of hepatic nodules
due to arterial neovascularization descried on mul-
tistep hepatocarcinogenesis.

4.1.1 Arterial Enhancement and Washout

As DNs progress to develop malignant foci, the tumor
recruits unpaired arteries and sinusoidal capillaries,
with resultant avid arterial enhancement that is
best detected on arterial phase (Lee et al. 2000;
Hammerstingl and Vogl 2005). Approximately
80-90% of HCCs are hypervascular during the arte-
rial phase (Kim et al. 2011a, b, c, d), whereas
approximately 10-20% of HCCs may be hypovascu-
lar to the surrounding parenchyma on the arterial
phase images and they are generally seen in smaller
tumors <2 cm (Honda et al. 1993; Yoon et al. 2009;
Matsui et al. 2011). Hypovascularity (or hypovascular
enhancement) in small tumors may be related to lack
of arterialization of the tumor. However, large HCC
can be also hypovascular on the arterial phase and
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Fig. 22 Poorly differentiated HCC with central necrosis.
a Arterial phase CT scan shows a heterogeneously enhancing
tumor (arrowheads) with central necrosis (asterisk). b Delayed

may appear more heterogeneous in enhancement
(Figs. 21 and 22).

HCC typically shows as a hyperattenuated nodular
lesion on the arterial-dominant phase with following
washout to iso- or mostly low attenuated nodule on
portal venous or delayed phase (Figs. 15, 16, and 18)
(Choi et al. 1997; Furlan et al. 2011). The presence of
pathologic washout can be better shown on delayed
phase images than on portal phase images with
improved diagnostic accuracy for detecting HCCs
(Hwang et al. 1997; Loyer et al. 1999; Iannaccone
et al. 2005; Furlan et al. 2011; Serste et al. 2011).
Unfortunately, however, in cirrhotic liver, although
for de novo 1-2 cm nodules ensuing in a cirrhotic
context the specificity and positive predictive power
of the “typical” radiological pattern of HCC at one
dynamic techniques (US, CT, or MRI) were found to
be high in single-center studies, the negative predic-
tive value was only 42-50% as there are many HCCs
showing atypical enhancement pattern (Figs. 13 and
17) (Forner et al. 2008; Luca et al. 2010; Sangiovanni
et al. 2010). Therefore, delayed hypoattenuation
(washout) increases diagnostic accuracy for diagnosis
of HCC, the lack of washout does not exclude HCC.
In a series by Luca et al. (Hayashi et al. 1999), 43% of
HCCs were hypoattenuated on the portal or delayed
phase images, whereas 45% were iso- or hyper-
attenuated on the delayed phase images. Indeed,
according to a recent study, hypervascular nodules
>1 cm without wash-out in cirrhotic liver on CT have
a risk of being HCC up to 66% (Fig. 13) (Luca et al.

phase CT scan shows non-enhancing, central necrotic area
(asterisk) as well as washout of peripheral viable portion of the
tumor (arrowheads)

2010). Hence, this radiological pattern can be con-
sidered being worrisome for HCC diagnosis. Arterial
enhancing false-positive lesions such as arterioportal
shunt are also frequently seen in advanced cirrhotic
liver, as the compensatory arterial hyperperfusion
can be developed. Therefore, differentiating this
atypically hyperenahncing small HCC from early
enhancing pseudolesions such as arterioportal shunt is
a clinical dilemma (Sun et al. 2010). In such cases of
hypervascular nodule >1 cm, an additional imaging
technique such as dynamic MRI aimed at detecting
the washout is advisable, in order to confirm malig-
nancy without fine needle biopsy (FNB) (Khalili et al.
2011; Lee et al. 2011).

The detection rates of HCC using MDCT reported
in the literature are highly variable. One trial with a
very strict methodology and whole liver explants
correlation showed sensitivity of 49.4% and positive
predictive value of 57.9% for detection of HCC using
triphasic CT (Lee et al. 2009). A subgroup analysis in
this study showed a strong influence of the lesion size
to the diagnostic performance of MDCT. While
lesions >2 cm showed the detection rate of 74.1%,
lesions <2 cm were only detected in 37.3% (Lee et al.
2009). Another trial with a four-row MDCT showed
an overall sensitivity of 73% for detecting HCC, with
also markedly decreased detection rates (approxi-
mately 33%) for lesions lesser than 1 cm in diameter
(Kawata et al. 2002). Maetani et al. (2008) reported a
sensitivity, positive predictive value, and accuracy for
HCC detection using MDCT with 87, 96, and 84%,
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respectively. Considering these reports, lesion sizes
combined with degree of vascular change within
nodule are strongly influenced to the diagnostic per-
formance of MDCT for detecting HCC.

4.1.2 Capsule or Pseudocapsule

A tumor capsule or pseudocapsule is most often seen
in large HCCs and may be present in 24-90% of cases
in the Asian population and 12-42% of cases in the
non-Asian population (Freeny et al. 1992; Stevens
et al. 1994). Larger tumors tend to demonstrate
thicker capsules which may be hypoattenuated on
precontrast CT images (Khatri et al. 2010). Histo-
logically, the capsule consists of an inner fibrous
layer and an outer layer composed of compressed
vessels and bile duct (Ishigami et al. 2009). The
capsule frequently demonstrates persistent or delayed
enhancement (Fig. 18) (Freeny et al. 1992). These
features are highly specific for HCC and the presence
of a capsule or pseudocapsule strongly suggests a
diagnosis of HCC (Grazioli et al. 1999; Choi and Lee
2010; Khatri et al. 2010; Matsui et al. 2011). Lower
grade tumors are more likely to be encapsulated
(Stevens et al. 1994). Extracapsular extension or
daughter nodule formation has been shown to be
a negative prognostic factor seen pathologically in
43-77% of HCCs (Imaeda et al. 1994).

4.1.3 Mosaic Appearance

HCC can exhibit a mosaic appearance as manifested
by variable unenhanced and contrast-enhanced
attenuation within a single lesion. Pathologically, the
mosaic appearance reflects multiple confluent areas
of tumor nodularity interspersed with fibrous septa-
tions, necrosis, hemorrhage, copper deposition, and
fatty infiltration as well as varying degrees of his-
tologic differentiations (Stevens et al. 1996). The
mosaic appearance has been seen in 28-63% of
cases and is more common in larger tumors and
nodular type tumors (Stevens et al. 1994; Loyer
et al. 1999; van den Bos et al. 2007). The mosaic
appearance is well seen on contrast-enhanced CT, as
some higher grade poorly differentiated HCCs may
have decreased arterial blood supply whereas other
large atypical well-differentiated HCCs may be
characterized by areas of portal perfusion (Kudo
2004; van den Bos et al. 2007; Asayama et al.
2008).

4.1.4 Vascular Invasion

Vascular invasion of the portal vein or hepatic vein by
HCC is frequently seen in the setting of HCC and has
been reported to occur in as many as 6.5-48% of
cases (Freeny et al. 1992; Stevens et al. 1994; Loyer
et al. 1999). Vascular invasion has been found to be
more common in patients with larger tumors or poorly
differentiated HCC or diffuse type HCC (Fig. 18)
(Kanematsu et al. 2003; Khatri et al. 2010). Vascular
extension involves the portal venous system more
frequently than the hepatic veins, and is thought to be
related to the portal venous drainage of HCC (Stevens
et al. 1994; Hayashi et al. 2002; Kanematsu et al.
2005; Matsui et al. 2011). Extension of HCC into the
hepatic veins is often associated with invasion of
the portal vein and when tumor thrombus develops in
the hepatic vein, it frequently predisposes to tumor
thrombus extension into the inferior vena cava and
right atrium. However, patients with cirrhosis can also
develop benign portal vein thrombosis secondary to
portal hypertension and venous stasis (Hall et al.
2011). The distinction between tumor and bland
thrombosis is important due to the associated man-
agement implications (Tublin et al. 1997; Lee et al.
2008; Poddar et al. 2010). Patients with tumor
thrombosis are typically not candidates for surgical
resection or transplantation (Piscaglia et al. 2010).
Malignant tumor thrombus is typically seen in con-
tiguity with or in close proximity to the primary tumor
and characteristically exhibits luminal expansion of
the involved vessels, arterial enhancement (neovas-
cularity) with washout, and frequently shows similar
imaging features with the primary tumor (Fig. 18)
(Tarantino et al. 2006; Piscaglia et al. 2010). On the
contrary, benign PVTs show a lack of vascularization
of the thrombus on CT and absence of mass-forming
features of PVT (near normal caliber) (Fig. 23)
(Tarantino et al. 2006; Piscaglia et al. 2010). In some
cases of diffuse or infiltrating HCC, the presence of
tumor thrombus may be the only clue to suggest that
there is an underlying malignancy and is commonly
associated marked elevation in serum alpha-fetopro-
tein levels (Kanematsu et al. 2003; Poddar et al.
2010). While macrovascular invasion can be easily
detected at imaging, microvascular invasion is almost
impossible to visualize, but fortunately, it does not
constitute a contraindication to curative treatment
although it is often associated with tumor recurrence
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Fig. 23 Liver cirrhosis with benign portal vein thrombosis.
a Arterial phase CT scan shows a hypoattenuated thrombus in
the right lobar branch of the portal vein (arrowheads). b Portal

phase CT scan shows the thrombus (arrowheads) in the portal
vein with normal caliber, with better conspicuity compared
with the arterial phase image

Fig. 24 Diffuse HCC. a Arterial phase CT scan shows a very
heterogeneously enhancing right hepatic lobe (arrowheads).
b Portal phase CT scan shows an inhomogeneous hypoattenuation

following resection or transplantation (Kim et al.
2008a; Sumie et al. 2008; Chou et al. 2011).

4.2 Uncommon Features of HCC

4.2.1 Diffuse Infiltrative HCC

Diffuse type HCC constitutes up to 13% of cases of HCC
and appears as an extensive, heterogeneous, permeative
hepatic tumor with portal venous thrombosis, often
associated with an elevated serum alpha-fetoprotein
level (Kanematsu et al. 2003). These tumors have a
patchy or nodular early enhancement pattern and can be
difficult to detect on arterial phase, but they become
hypoattenuated in the late equilibrium phase images

of the lesion (arrowheads). ¢ Specimen photograph shows
a diffuse infiltrative type HCC having similar appearance of
macronodular cirrhosis

(Fig. 24) (Kanematsu et al. 2003). For the diffuse infil-
trative HCCs, margin of the lesions is indistinct in many
cases, and it often combines with vascular invasion
(i.e. portal vein or hepatic vein). Tumor thrombi within
the portal vein or hepatic vein are also present on MDCT
images, and these tumor thrombi also show the
arterial neovascularization (Fig. 19). Hepatic paren-
chymal changes secondary to the vascular invasion such
as arterioportal shunt in portal vein tumor invasion or
hepatic congestion in hepatic vein invasion can also be
seen (Freeny et al. 1992; Baron and Peterson 2001).

4.2.2 Nodule Within Nodule Appearance
When foci of HCC develop within a preexisting dys-
plastic nodule, the typical appearance of an arterially
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Fig. 25 Small HCC in dysplastic nodule showing “nodule in
nodule” appearance. a Arterial phase CT scan shows a small
enhancing focus with a hypoattenuated nodule in segment 8
(arrowheads). b and c Portal phase (b) and delayed phase (¢) CT
scans show a central enhancing focus within a hypoattenuated
nodule. d Dyna-CT scan shows two enhancing foci (arrows)

hyperenhancing nodule within a hypoattenuated nod-
ule is termed a “nodule within nodule” appearance
(Fig. 8) (Kojiro 1998; Goshima et al. 2004; Zheng et al.
2004; Kim et al. 2007b; Ishida et al. 2008; Kudo and
Tochio 2008; Sano et al. 2011). The appearance on
CT may be of an overt hypervascular HCC within a
hypovascular dysplastic nodule (Fig. 25) (Onaya
et al. 2000; Takayasu et al. 2007). HCC that occurs
within a preneoplastic focus and exhibits such imaging
features has been shown to have potential for rapid
growth (Sadek et al. 1995). A different nodule-
in-nodule appearance can also be seen on contrast-
enhanced CT when necrotic HCCs contain foci of
viable enhancing tumor.

Spin; 0
Till:-80

within the hypovascular nodule (arrowheads) in segment 8.
Note that Dyna-CT scan with contrast injection through the
hepatic artery can provide much high spatial resolution and
better contrast enhancement of the small HCC foci within
the dysplastic nodule compared with MDCT scan

4.2.3 Fatty Metamorphosis

HCCs may sometimes contain fat (Stevens et al.
1994). HCCs with fatty metamorphosis show low
attenuation with negative Hounsfield units on CT
images and the presence of fat within a lesion favors
a primary HCC (Fig. 17) (Yoshikawa et al. 1988;
Tsunetomi et al. 1989; Martin et al. 1995; Prasad et al.
2005). Although fatty components have been descri-
bed in regernative nodules and focal nodular hyper-
plasia, such an observation is quite rare and possibly
related with underlying liver steatosis (Valls et al.
2006). Other hepatic lesions that contain fat include
adenomas, rare tumors such as angiomyolipomas,
lipomas, and certain metastases such as those from
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Fig. 26 HCC with bile duct invasion and tumor thrombus in
the portal vein. a Arterial phase CT scan shows a faintly
enhancing HCC lesion (arrows) in right anterior segment with
lipiodol and enhancing tumor thrombus in the bile duct (open

liposarcomas, teratomas, ovarian dermoids, Wilms
tumors, and certain renal cell carcinomas (Basaran
et al. 2005; Prasad et al. 2005). In the cirrhotic liver, a
fat containing lesion should raise suspicion for HCC
over these other diseases, which are not typically seen
in cirrhotic liver (Khatri et al. 2010).

4.2.4 HCC with Bile Duct Invasion

HCC may grow in major bile ducts, causing
obstructive jaundice, and is frequently associated with
concomitant intraportal tumor growth (Kim et al.
2011d). Tumor growth into the bile duct is found in
6% of cases of HCC at autopsy. The imaging features
that help differentiating HCC with bile duct invasion
from cholangiocarcinoma of the bile duct include the
presence of parenchymal mass, liver cirrhosis, and the
hyperattenuating intraductal tumor on the hepatic
arterial phase (Fig. 26) (Minagawa et al. 2007; Ike-
naga et al. 2009; Liu et al. 2010; Kim et al. 2011d).
HCC with bile duct invasion has an infiltrative nature
and a high risk of intrahepatic recurrence, resulting in
poor prognosis (Ikenaga et al. 2009).

4.2.,5 HCC Variants

Classic HCCs with atypical histologic features dem-
onstrate atypical imaging features. These include
cancers with marked fatty metamorphosis, massive
necrosis, abundant fibrous stroma (scirrhous type),
sarcomatous change, and copper accumulation. Path-
ologically, there are several variant types of HCC:

arrow) and in the portal vein (arrowheads). b Portal phase CT
scan shows washout of the main tumor (arrows) as well as the
tumor thrombi in the bile duct (open arrow) and the portal vein
(arrowheads)

clear cell type HCC, fibrolamellar HCC, sarcomatoid
HCC, combined HCC-cholangiocarcinoma, and scle-
rosing HCC (Ichikawa et al. 1999; McLarney et al.
1999; Okuda 2002; Lao et al. 2007; Kim et al. 2009b).
Clinically, sarcomatoid HCC and combined HCC-
cholangiocarcinoma show poorer prognosis than
classic HCC, whereas fibrolamellar HCC shows better
prognosis and sclerosing HCC shows prognosis similar
to classic HCC (Ariizumi et al. 2011a, b).
Radiologically, these variants do not share imaging
characteristics typical of HCC (Chung et al. 2009).
Clear cell HCCs frequently showed decreased atten-
uation on unenhanced CT and hypovascularity on
contrast-enhanced CT, which are non specific.
(Monzawa et al. 1999). Sclerosing or scirrhous HCC
is a rare hepatic tumor characterized by intense
fibrosis which shows very similar CT appearance to
cholangiocarcinoma (Fig. 27) (Kim et al. 2009b).
Fibrolamellar HCC is a distinctive HCC variant that is
not associated with hepatitis or cirrhosis. This tumor
occurs in young adults (second or third decade of life)
without sex predominance (Ichikawa et al. 1999;
McLarney et al. 1999; Okuda 2002). Pathologically,
fibrolamellar HCC usually presents as a single, large,
well-demarcated, but non-encapsulated tumor with a
fibrous band infiltrating throughout. The fibrotic tis-
sue coalesces to form a central scar, which is reported
in 20-60% of cases (Ichikawa et al. 1999; McLarney
et al. 1999). On unenhanced CT, the tumor is low-
attenuating compared with the surrounding liver,
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Fig. 27 Schirrhous type HCC showing atypical enhancement
pattern. a Arterial phase CT scan demonstrates a hypovas-
cular nodule with peripheral rim-like enhancement (arrows),
which is similar to the typical enhancement pattern of

cholangiocarcinoma. b Portal phase CT scans demonstrate a
tumor with peripheral enhancement (arrows), similar to the
arterial phase image

Fig. 28 Combined HCC-cholangiocarcinoma. a Arterial phase
CT scan shows a heterogeneously enhancing tumor (arrow-
heads) with lobulated margin in segment 6. b Portal phase

whereas on dynamic contrast-enhanced CT it has
predominant heterogeneous enhancement. Intratu-
moral calcification (68%), a central scar (71%), and
pseudocapsule (35%) are visible on CT (Ichikawa
et al. 1999; McLarney et al. 1999). Sarcomatous HCC
is an aggressive variant of HCC with an incidence of
3.9-9.4%, with either a sarcomatous change in part of
the HCC or coexistence of a sarcoma and HCC
(Honda et al. 1996; Da Ines et al. 2009).

Combined HCC-cholangiocarcinoma is composed
of elements from both entities (Fukukura et al. 1997).

CT scan shows washout of the arterially enhancing portion
along the lateral side (white arrowhead) as well as centripetal
enhancement along the medial side (black arrowhead)

The characteristics of these tumors, as visualized by
contrast-enhanced dynamic imaging, depend on the
proportions of tumor components (Shin et al. 2007).
On contrast-enhanced CT, the HCC-dominant tumor
is well enhanced in the early phase and washed out in
the late phase, and the cholangiocarcinoma-dominant
tumor shows peripheral and delayed enhancement
(Fig. 28) (Murakami et al. 1997). Sometimes, these
mixed tumors appear heterogeneously enhanced
because the HCC component appears hyperenhanced,
whereas the cholangiocarcinoma component appears
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Fig. 29 Transient hepatic attenuation difference. a Arterial
phase CT scan shows a triangular-shaped hyperenhancing
lesion (arrowheads) with central enhancing vascular structure

hypoenhanced relative to the surrounding liver
(Fukukura et al. 1997; Murakami et al. 1997; Shin
et al. 2007; Ariizumi et al. 2011a, b). On dynamic
contrast-enhanced CT, sclerosing HCC shows hyper-
vascularity and remarkable progressive and prolonged
enhancement (Yamashita et al. 1993). The adjacent
liver capsule may retract, especially in highly fibrotic
tumors (Kim et al. 2009).

5 Hepatocellular Carcinoma Mimics

While considered the most consistent feature of HCC,
arterial enhancement is also a feature of other non-
malignant lesions that can be found in the cirrhotic
liver, especially those measuring smaller than 2 cm,
which explains the high incidence of false-positive
results for HCC (Brancatelli et al. 2003; Wiesner et al.
2004). Enhancing lesions seen only on the hepatic
arterial phase on MR imaging are a daily challenge.
Common hypervascular liver lesions include heman-
gioma, focal nodular hyperplasia, hepatocellular
adenoma, HCC, fibrolamellar carcinoma, and metas-
tases from primary tumors such as neuroendocrine
tumor (Fig. 29), renal cell carcinoma, melanoma,
and thyroid carcinoma (Namasivayam et al. 2007).
Helical CT screening for HCC in patients with cir-
rhosis has a substantial false-positive detection rate
(Brancatelli et al. 2003). Among several causes of
false-positive diagnosis, transient hepatic attenuation
differences (THADs) is the most common in cirrhotic

and straight margins in segment 3. b Portal phase CT scan
shows that the lesion becomes isoattenuated

liver (Desser 2009). THADs are typically wedge-
shaped hypervascular regions visible on the hepatic
arterial phase, and fade to isodense on venous and
delayed phases. They are commonly seen in the
setting of locally diminished portal venous inflow.
Familiarity with the characteristic appearance of
arterially enhancing liver lesions should permit
discrimination of these lesions from true HCCs
(Desser 2009).

5.1 Transient Hepatic Attenuation

Difference

THADs are the imaging manifestation of regional
variations in the balance between hepatic arterial,
portal venous, and third inflow sources of hepatic
blood flow. THADs due to nontumorous arterioportal
shunt or focal obstruction of a distal parenchymal
portal vein are a common finding seen in the cirrhotic
liver on arterial phase CT images (Baron 1994; Yu
et al. 1997, 2000a). They are typically seen as well-
defined areas of enhancement only on the arterial
phase and not on other phases. Most cases of THADs
not usually seen on the noncontrast images, they can
occasionally have a corresponding area of hypoat-
tenuation when a focal fat deposit occurs, and
associated with mild prolonged parenchymal
enhancement (Fig. 31) (Yu et al. 1997). Shunts are
usually triangular or fan-shaped, peripherally located,
and have straight margins. They may follow the
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Fig. 30 Nodular-shaped transient hepatic attenuation differ-
ence. a Precontrast CT scan does not demonstrate any nodular
lesions in the liver. b Arterial phase CT scan demonstrates
multiple, hyperenhancing nodular lesions in both hepatic lobes.
¢ On portal phase CT scan, the lesions become isoattenuated.

segmental anatomy of the liver. However, occasion-
ally, they can be nodular or irregularly outline and
mimic a hypervascular lesion (Fig. 30) (Yu et al.
2000a, b). Shunts characteristically do not demon-
strate delayed postcontrast washout, and may have
normal vessels coursing through them (Figs. 30 and
31) (Choi et al. 2002; Colagrande et al. 2007a, b). The
waxing and waning of the size of a hypervascular
lesion in cirrhosis at 2- to 3-month follow-up imaging
also favors a pseudolesion (Ahn et al. 2010).

Moreover, THADs may be caused by underlying
focal lesions such as hemangioma or HCC because of
a siphoning or sump effect of the lesion, from portal
hypoperfusion either attributable to compression or
thrombosis from the lesion, or because of arterioportal
shunting related to the lesion causing diversion of
flow (Colagrande et al. 2007a, b). In addition, THADs
can also be induced by portal hypoperfusion attrib-
utable to nontumoral causes, anomalous blood supply,
or arterioportal shunting not related to focal lesions,
and inflammation of biliary vessels or adjacent organs
(Choi et al. 2002). Because HCC is frequently
associated with a THAD, even when an arterially
enhancing focus is deemed to be a THAD, in the
setting of cirrhosis, the radiologist should look closely
for an associated HCC (Choi et al. 2002; Kim et al.
2005; Khatri et al. 2010). Besides shunts and perfu-
sion abnormalities, hemangiomas and high-grade
DNs are differential considerations for small arterial
phase enhancing lesions (Kim et al. 2005)

However, although small HCCs smaller than or
equal to 1.5 cm in size are frequently isoattenuated
on precontrast CT images, and may only be seen as
diffuse homogeneously enhancing lesions on the arterial

Isoattenuation of the lesions on precontrast as well as absence
of washout of those lesions suggest high probability of
arterially enhancing pseudolesion rather than small HCC with
atypical enhancement

enhanced phase, it is important not to consider such
arterially enhancing lesions as specific for HCC (Khatri
etal. 2010; Sun et al. 2010). Several previous studies of
CT or MRI demonstrated that the majority of hepatic
arterial phase enhancing lesions that are occult at portal
and/or equilibrium phase CT imaging are non-neo-
plastic, even in patients with pathologically proved
HCC (Tsuchiyama et al. 2002; Holland et al. 2005).
Several investigators have recommended similar
approaches to hepatic lesions seen on the arterial phase
which is to check the other phases to confirm that they
are only seen on the hepatic arterial phase and do not
have other features of HCC such as washout, capsular
enhancement, and low attenuation on precontrast sug-
gesting microscopic fat (Willatt et al. 2008; Sano et al.
2011). When the abnormality is peripheral, wedge-
shaped, and seen only on the hepatic arterial phase, it is
more likely to represent a perfusional phenomenon
(Choi etal. 2002). However, if the abnormality is round,
oval, or masslike in shape, but small (<2 cm), and seen
only on the arterial phase without other features of HCC,
close interval follow-up CT examination (3—6 months)
may be considered to assess for growth or features more
suggestive of HCC on follow-up examination.

5.2 Hemangiomas

Hypervascular HCC must be differentiated from
various other hypervascular hepatic lesions. Among
them, cavernous hemangioma is the most common.
Although common in the general population,
hemangiomas occur less frequently in the setting of
cirrhosis, probably because the process of cirrhosis
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Fig. 31 Flash-filling hemangioma with shunt and dysplastic
nodule. a Arterial phase CT scan shows a hyperenhancing
nodule (arrow) with peritumoral shunt (arrowheads). Another
hypoattenuated nodule (open arrow) was detected in segment 8

Fig. 32 Confluent Fibrosis:
typical appearance.

a Precontrast CT scan
shows a wedge-shaped,
hypoattenuated lesion in
segment 8 (arrowheads).

b Arterial phase CT scan
shows hypoenhancement

of the lesion (arrowheads).
¢ Portal phase CT scan shows
hypoenhancement of the
lesion (arrowheads).

d Delayed phase CT scan
shows subtle delayed
enhancement of the lesion
(arrowheads)

obliterates existing hemangiomas (Khatri et al. 2010).
When hemangioma shows typical enhancing features
(peripheral globular enhancement and centripetal
enhancement) on multiphase CT, it can be easily
distinguished from HCC. However, hemangiomas are
often atypical in appearance in cirrhotic livers and
contain large regions of fibrosis (Dodd et al. 1999a,
b). When hemangiomas do occur in the cirrhotic liver,
they are commonly solitary, and small in size, and
in many contrast-enhanced dynamic CT imaging
demonstrates rapid enhancement (Fig. 31) (Yu et al.
2000a, b; Mastropasqua et al. 2004). Preexisting

which was diagnosed as dysplastic nodule. b, and ¢ Portal phase
(b) and delayed phase (¢) CT scans show persistent enhance-
ment of the hemangioma (arrowhead), and a hypoattenuated
dysplastic nodule (open arrow)

hemangiomas likely undergo obliteration from fibro-
sis and necrosis (Dodd et al. 1999a, b). Either related
to fibrosis (Dodd et al. 1999a, b; Brancatelli et al.
2001) or alterations in blood flow (Mastropasqua et al.
2004) hemangiomas in cirrhotic livers have also been
shown to progressively decrease in size and display
more atypical imaging characteristics, including loss
of the peripheral nodular enhancement (Brancatelli
et al. 2001). In addition, hemangiomas in the cirrhotic
patients may also be associated with adjacent capsular
retraction (Vilgrain et al. 2000; Brancatelli et al.
2001; Blachar et al. 2002).
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Fig. 33 Confluent fibrosis showing arterial and delayed
enhancement. a Arterial phase CT scan reveals nodular contour
of the liver, and an indistinct, subtle enhancing area (arrow) in
right anterior segment of the liver. b Portal phase CT scan
shows a poorly marginated, delayed enhancing central zone

Among hemangiomas, small flash-filling heman-
giomas may simulate HCC, as they demonstrate
early homogeneous arterial phase enhancement
(Fig. 31) (Semelka et al. 1994; Yu et al. 2000a, b;
Baron and Peterson 2001; Mastropasqua et al. 2004).
Although persistent enhancement on delayed images
rather than washout is suggestive of hemangioma,
these may be associated with minimal central
enhancement (Semelka et al. 1994; Jang et al. 1998).
Therefore, HCC should be considered more likely
than hemangioma in cirrhosis if the nodular area of
enhancement demonstrates washout. On the contrary,
peliotic HCC contains multiple blood-filled sinu-
soids, which may result persistent peripheral
enhancement that progresses centrally (Kadoya et al.
1992; Hoshimoto et al. 2009). Although peliotic
change within HCC is rare, it may lead to misdiag-
nosis as hemangioma. Prior imaging (predevelop-
ment of cirrhosis) showing more typical hemangioma
features and stability or sclerosis of the lesion over
time facilitates correct diagnosis. Alternatively, if an
indeterminate lesion demonstrates interval increase
in size in a cirrhotic liver, HCC should be suspected
(Khatri et al. 2010).

5.3 Confluent Hepatic Fibrosis

Confluent hepatic fibrosis is typically seen in the
setting of advanced cirrhosis, most commonly in
cases secondary to PSC (Ohtomo et al. 1993a, b;
Dodd et al. 1999a, b; Blachar et al. 2002; Brancatelli
et al. 2009). Confluent hepatic fibrosis usually dem-
onstrates low attenuation on precontrast CT images
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(arrows) compared with the peripheral zone of the liver. Note
hepatic vessels traverse the central enhancing area. ¢ Specimen
photograph shows an ill-defined, fibrotic area (arrows) in
central portion of the right hepatic lobe which contains multiple
hepatic vessels without luminal obliteration

(Fig. 32) (Ohtomo et al. 1993a, b; Dodd et al. 1999a,
b; Baron and Peterson 2001). Although it typically
exhibits delayed enhancement, (Ohtomo et al. 1993a,
b; Dodd et al. 1999a, b; Blachar et al. 2002) hepatic
fibrosis can occasionally enhance in the arterial phase
(Fig. 33) (Ahn and de Lange 1998). Hepatic fibrosis
may present as a confluent mass (Dodd et al. 1999a, b;
Baron and Peterson 2001) or may be poorly margin-
ated, mimicking infiltrating HCC (Krinsky et al.
2001). However, imaging features which are helpful
for distinguishing hepatic fibrosis from HCC is that
confluent hepatic fibrosis is generally wedge-shaped,
has linear margins, and is typically seen in the ante-
rior segment of the right lobe and medial segment of
the left lobe (segments 8 and 4) (Fig. 32) (Khatri et al.
2010). It characteristically demonstrates volume loss
with focal capsular retraction of the adjacent liver
surface, unlike HCC, which generally has mass effect
and often expands the contour (Ohtomo et al. 1993a,
b; Dodd et al. 1999a, b; Baron and Peterson 2001;
Blachar et al. 2002). In troublesome cases where
confluent mass-like fibrosis simulates a neoplasm,
biopsy may be necessary for differentiation (Dodd
et al. 1999a, b). Because hepatic fibrosis and chol-
angiocarcinoma share features such as delayed or
persistent enhancement, associated capsular retrac-
tion, and common occurrence in patients with PSC,
these two entities may also be confused. However, the
characteristic location and geographic morphology
(Ohtomo et al. 1993a, b; Dodd et al. 1999a, b; Baron
and Peterson 2001; Blachar et al. 2002) in conjunc-
tion with the absence of biliary duct dilation may help
to distinguish confluent fibrosis from cholangiocarci-
noma in cirrhosis (Blachar et al. Blachar et al. 2002).
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Fig. 34 A small intrahepatic cholangiocarcinoma showing
arterial enhancement. a Arterial phase CT scan demonstrates a
2 cm, arterially enhancing nodule (arrow) in segment 3 of the
liver. Note the peripheral intrahepatic ducts are dilated, which

Fig. 35 Intrahepatic
cholangiocarcinoma: typical
enhancement pattern.

a Arterial phase CT scan
shows a hypovascular mass
(arrow) with irregular
peripheral enhancement.

b and c¢ Portal phase (b) and
delayed phase (c¢) CT scans
show progressive central
enhancement of the tumor
(arrow). d Specimen
photograph shows a well-
defined, firm, whitish tumor
with lobulated contour

5.4 Intrahepatic Cholangiocarcinoma

Intrahepatic cholangiocarcinoma (IHC) may some-
times be difficult to distinguish from HCC. Particu-
larly when THC is smaller than 3 cm, it may mimic
HCC as it can show arterial enhancement, while when
large, it may mimic diffuse infiltrating HCC (Fig. 33)
(Kim et al. 2007a, 2011a, b, c; Ariizumi et al. 2011a,
b). Although there is overlap of imaging features, [HC

suggests a liver fluke infestation. b On portal phase CT scan, the
nodule (arrow) becomes isoattenuated. The tumor involves
adjacent bile duct (open arrow)

is more likely to appear as a discrete mass than diffuse
infiltrating HCC. Contrast enhancement characteris-
tics may provide the strongest differentiation between
the two entities. IHCs usually exhibit thick irregular
peripheral enhancement with progressive central
enhancement on more delayed images, which is a
pattern that is rarely seen in HCC (Fig. 34) (Loyer
et al. 1999). The persistent enhancement seen with
IHC is generally a function of the fibrotic nature of
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Fig. 36 Focal nodular hyperplasia like nodule in patients
with membranous obstruction of the inferior vena cava.
a Arterial phase CT scan shows a hyperenhancing nodule
(arrow) in segment 3. b Portal phase CT scan shows a slightly

the tumor. However, approximately 6—10% of IHC
can demonstrate atypical enhancement pattern con-
sisting of arterial enhancement and washout, which is
similar appearance to HCC (Kim et al. 2007a, 201 1a,
b, ¢). Unlike hemangiomas, the peripheral enhance-
ment of IHCs is not nodular or cloudlike and is not
similar to the blood pool enhancement (Kim et al.
2011a, b, c; Sano et al. 2011). As arterially enhancing
small THCs were not rare; thus, enhancement pattern
analysis of arterially enhancing IHCs will be helpful
in differentiating them from HCC or hemangiomas
(Kim et al. 2011a, b, c¢). In addition, presence of
peripheral biliary ductal dilation (Fig. 34), encase-
ment or compression of the portal vein rather than
direct invasion or tumor thrombus formation, and
associated capsular retraction would suggest higher
probability of IHC more than HCC (Kim et al.
2009c). However, when small (<3 cm) IHCs are
developed in cirrhotic liver, since stable arterial
enhancement pattern without washout also can be
registered in small HCC nodules, the evaluation of
delayed phase is mandatory for a proper nodule
characterization. If washout is not seen on CT, a
biopsy should be mandatory for diagnosis, if trans-
plantation is considered for treating cirrhosis (Rimola
et al. 2009) (Fig. 35).

5.5 Hyperplastic Nodules or Focal

Nodular Hyperplasia Like Nodules

In the setting of Budd-Chiari syndrome with cirrhosis
or alcoholic cirrhosis or autoimmune hepatitis,
hypervascular hyperplastic nodules or focal nodular
hyperplasia like nodules can have features suggestive

hyperenhancement of the nodule (arrow). ¢ Delayed phase CT
scan shows isoenhancement of the lesion (arrow) compared
with the surrounding parenchyma

of HCC, including a size larger than 2 cm, and
arterial phase enhancement (Fig. 36) (Vilgrain et al.
1999; Brancatelli et al. 2002; Maetani et al. 2002;
Ibarrola et al. 2004; Nakashima et al. 2004; Qayyum
et al. 2004; Namasivayam et al. 2007; Kim et al.
2008b; Takahashi et al. 2008). Such hypervascular
regenerative nodules have also been shown to have a
central scar, and therefore show similar appearance of
HCC (Maetani et al. 2002). On portal venous phase
of enhancement, the appearance may be variable.
A hypointense regenerative nodule rim has also been
reported in patients with Budd-Chiari (Vilgrain et al.
1999). The incidence of HCC in patients with Budd-
Chiari is approximately 4% (Moucari et al. 2008).
Although HCC and regenerative nodules may be
difficult to distinguish based on imaging characteris-
tics in the setting of Budd-Chiari, the presence of
more than 10 nodules measuring up to 4 cm in
diameter should favor the diagnosis of regenerative
nodules (Vilgrain et al. 1999). In addition, increased
levels of serum AFP were highly accurate in distin-
guishing HCC from benign nodules (Moucari et al.
2008). However, in alcoholic cirrhosis of autoim-
mune hepatitis, it is very difficult to differentiate
FNH-like nodules radiologically, pathologically, and
clinically from HCC (Kobayashi et al. 2007; Lee
et al. 2007).

6 New Approaches of MDCT
for Evaluation of HCC

Although detection rate of HCC reported in the lit-
erature are highly variable, the sensitivity and speci-
ficity of HCC detection using multiphasic MDCT in
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Fig. 37 Low-kVp scanning with high tube current for improv-
ing sensitivity for detection of iodine contrast media in hyper-
vascular HCCs. a Low-kVp (80 kVp) scan with high tube current
(600 mAs) shows two hypervascular HCCs in segment 8§

(arrowheads) b Standard 120 kVp scan shows one of the two
lesions(black arrowhead) by faint arterial enhancement. The
other lesion(white arrowhead) is not well depicted

Fig. 38 Perfusion CT for quantification of tissue perfusion
in patient with HCC in the left lateral segment of the liver.
a Arterial phase CT scan shows a 2 cm hyperenhancing
HCC (arrow) in the left hepatic lobe. b Portal phase CT scans

cirrhotic patients were reported in the range of
65-75% and 47-88%, respectively, when explanted
liver was used as a standard of reference (Burrel et al.
2003; Kim et al. 2008c; Lee et al. 2009; Addley et al.
2011). However, the sensitivity can be decreased to

washout of the nodule (arrow). c—e Perfusion CT maps indicates
increased blood volume, arterial flow, and hepatic perfusion
index (ratio of arterial to portal blood flow) of the tumor
(arrow), which represents hemodynamic change of HCC

48-57% for lesions of size <2 cm in diameter (Kim
et al. 2008c; Addley et al. 2011) and 10-33% for
lesions of size <1 cm (Kawata et al. 2002; Burrel
et al. 2003). There have been several approaches to
improve diagnostic performance of CT for detection
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of HCC. A recent study demonstrated that quantita-
tive color mapping of the arterial enhancement frac-
tion (AEF) using a registration and subtraction of
precontrast, arterial, and portal venous phase images,
can increase the sensitivity and diagnostic perfor-
mance of multiphasic MDCT for detecting HCC (Kim
et al. 2009a). In addition, multiphasic MDCT scans
combined multiplanar reconstruction images are very
effective in the detection of HCCs > 1 cm in diame-
ter with a very low false-positive rate: sensitivity,
positive predictive value, and accuracy for HCC
detection were 87, 96, and 84% for all lesions,
respectively, but only 46, 76, and 41% for tumors
<1 cm, respectively (Maetani et al. 2008).

Other approaches for increasing sensitivity of CT
for detecting hypervascular HCC may include a low-
kVp CT scanning technique with high tube current
(Fig. 37) and dual energy CT scanning method with
iodine map or sigmoidal blending technique (Marin
et al. 2009). Several previous studies have demon-
strated that low-kVp images are more sensitive in
detecting hypervascular liver lesions, despite of lower
image quality of low-kVp images (Marin et al. 2009;
Kim et al. 2010; Altenbernd et al. 2011).

Recently, Sorafenib (Nexavar_, Bayer Schering
Pharma AG, Berlin, Germany), an orally active
multikinase inhibitor with effects on tumor-cell pro-
liferation and tumor angiogenesis, is a promising
therapy that demonstrates superior survival in
advanced HCC (Llovet et al. 2008). Although thera-
peutic response of solid tumors to chemotherapy has
been assessed based on tumor size measurement using
the Response Evaluation Criteria in Solid Tumors
(RECIST), this assessment for response to Sorafenib
therapy, however, has highlighted the limitations
associated with morphologic measurement (Kim et al.
2011a, b, c). Perfusion CT quantifies not only tumor
biologic behavior, but also changes in liver paren-
chyma (without tumor) caused by Sorafenib therapy
in patients with advanced HCC (Okada et al. 2011), as
it can provide non-invasive quantification of tumor
blood supply, permeability, leakage space and blood
volume related to the formation of new arterial
structures (neoangiogenesis) (Fig. 38) (Choi and Lee
2010; Ippolito et al. 2011; International Consensus
Group for Hepatocellular NeoplasiaThe International
Consensus Group for Hepatocellular Neoplasia 2011;
Okada et al. 2011). In the future, although new
advanced technologies enable larger volumetric

datasets and promising functional data to be obtained
using CT, it will be necessary to reduce the radiation
dose level of abdominal CT imaging for a variety of
diagnostic purposes. Currently, various dose iterative
reconstruction techniques have developed (Martinsen
et al. 2011; Schindera et al. 2011; Mitsumori et al.
2012), and the use of those techniques for lowering
noise and radiation dose will be more widely accepted
at many centers.
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Abstract

With the widespread use of cross-sectional
imaging examinations, physicians from a wide array
of specialties are becoming involved with questions
regarding the management of patients with focal
liver lesions. To formulate a practical approach to
these patients, several factors must be incorporated
into a clinical decision-making algorithm, including
the clinical setting (e.g., known comorbidities,
underlying cirrhosis or a known primary neoplasm),
the presence of clinical signs and symptoms, the
results of laboratory tests, and the critical informa-
tion provided by imaging studies. In this chapter, we
will briefly review important technical factors for
optimization of CT protocols for the evaluation of
focal liver lesions in non-cirrhotic liver. We will
emphasize key features and common pitfalls of most
common liver lesions in the setting of non-cirrhotic
liver and provide examples about benign and
malignant tumors in non-cirrhotic liver.

1 MSCT Technique

Multi-slice CT (MSCT) has become the most com-
monly used modality in the preoperative diagnosis,
staging, treatment planning, and follow-up of patients
with known or suspected hepatic tumors (Sahani
and Kalva 2004). With the recent advent of MSCT

C. J. Zech et al. (eds.), Multislice-CT of the Abdomen, Medical Radiology. Diagnostic Imaging, 85
DOI: 10.1007/174_2011_407, © Springer-Verlag Berlin Heidelberg 2012
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scanners, substantial anatomic volumes can be
acquired within a short scan time, with submillimeter
section thickness and virtually no penalty in increased
radiation dose. Clinically, these technologic advances
have led to image acquisition during peak vascular
enhancement with almost uniform enhancement along
the entire scanned volume, reduced motion artifacts,
and the capability to generate high resolution refor-
mations in any desired plane. In a single examination,
MDCT provides detailed morphologic and hemody-
namic information on the number, size, distribution,
and vascularity of liver lesions, all of which are vital
in guiding the clinical decision-making and thera-
peutic plan.

To maximize the detection and characterization of
liver tumors, the CT protocol must be designed
according to the diagnostic task. To increase the
attenuation difference (i.e., conspicuity) between the
hepatic parenchyma and liver tumors, several injec-
tion factors need to be optimized, including the
volume and iodine concentration of contrast media,
the injection rate (4-5 mL/s), and the scanning delay
from the start of contrast media administration. Image
acquisition should be obtained during the period of
maximum vascular and/or hepatic parenchymal
enhancement (Baron 1994). This requires application
of contrast agent bolus timing methods—either
automatic computer-assisted bolus tracking or test
bolus—to correct for differences in circulation times
in individual patients.

Unlike hepatic parenchyma, predominantly fed by
the portal vein, liver tumors receive blood supply
from the hepatic arterial system. Most tumors are best
seen during the hepatic venous phase (HVP)
(approximately 60-70 s after the start of contrast
media injection), when the maximal difference in
attenuation is attained between the vividly enhancing
hepatic parenchyma and hypo attenuating lesions
(Foley et al. 2000).

For certain specific clinical settings, HVP imaging
must be preceded by a contrast-enhanced acquisition
during the hepatic arterial dominant phase (HAP).
This phase is crucial in the detection of those liver
tumors (most notably, hepatocellular nodules, hyper-
vascular liver metastases, and hemangiomas) that
receive abundant arterial supply (Foley et al. 2000).
These lesions manifest as hyperattenuating foci dur-
ing HAP, but may not be detected during the HVP

due to increasing liver enhancement from portal
venous blood supply.

By taking advantage of two-dimensional (2D)
reformation and three-dimensional (3D) rendering
techniques, the HAP images also enable noninvasive
preoperative mapping of the normal hepatic arterial
anatomy and common anatomic variants. This infor-
mation is crucial in patients who are candidates for
liver surgery (e.g., transplantation, tumor resection
or laparoscopic hepatobiliary surgery), transcatheter
arterial chemoembolization, or hepatic arterial infu-
sion chemotherapy (Catalano et al. 2008; Kapoor
et al. 2003).

In selected cases, CT protocol should include
additional acquisitions either before or after contrast
material administration, during a more delayed phase
of enhancement, approximately 3—-10 min after the
start of contrast injection. Unenhanced acquisitions
are helpful for the characterization of liver lesions
with inherently high attenuation due to calcification,
hemorrhage, and iron or glycogen increased accu-
mulation. Unenhanced images are also necessary for
detection of areas of lower attenuation, such as in the
setting of fat deposition, edema, and necrosis. Many
institutions recommend acquisition of unenhanced
images in addition to post-contrast acquisitions for
patients with cirrhosis and during baseline evaluation
of oncology patients (Baron and Brancatelli 2004;
Oliver et al. 1997).

Delayed phase images plays a key role in the
diagnosis of liver lesions with a prominent fibrous
component, such as cholangiocarcinoma, focal con-
fluent fibrosis, cavernous hemangioma, and other liver
tumors that may manifest with a central scar. On
delayed phase images, these lesions demonstrate
prolonged enhancement in the fibrous tissue compo-
nent, which appears relatively hyperattenuating
compared to the surrounding liver (Lacomis et al.
1997; Ohtomo et al. 1993).

2 Benign Liver Lesions
in Non-Cirrhotic Liver

With the widespread use of sensitive imaging studies,
benign hepatic tumors are increasingly reported. Most
benign hepatic tumors are an incidental finding in
asymptomatic patients during imaging work-up for an
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Fig. 1 Simple hepatic cyst in fatty liver. a Transverse unen-
hanced CT image demonstrates a 4 cm lesion in segment 4
showing isoattenuation compared to the surrounding liver.

Lesion attenuation measured +9 HU, compatible with simple
fluid. Note diffuse low attenuation of the liver relative to the

unrelated medical problem. Notably, even in patients
with a known primary malignancy, about 50% of
small (<2.0 cm) hepatic lesions are benign (Khalil
et al. 2005).

Besides lesion detection, the main goal of CT is to
firmly establish a diagnosis of benign hepatic tumors.
Mistaking an incidental benign lesion for a malignant
tumor may lead to unnecessary, aggressive manage-
ment, or possibly preclude surgery when benign and
malignant lesions coexist within the same liver. In the
great majority of cases, imaging provides important
clues for a confident diagnosis of frequently encoun-
tered benign lesions. Occasionally, imaging findings
may remain indeterminate or suggestive of malig-
nancy. In these cases, liver biopsy is often necessary
to establish a definite diagnosis.

3 Simple (Nonparasitic) Cysts

Simple (nonparasitic) cyst is the result of a congenital
defective development of the intrahepatic biliary ducts.
Simple cysts are among the most common liver lesion
with an estimated incidence of 3% in the general pop-
ulation. Typically, cysts are an incidental finding in
asymptomatic patients. These lesions may be solitary
or multiple and manifest as well-defined fluid attenu-
ating lesions, varying in size from few millimeters to
several centimeters. When more than ten simple cysts

L 1O

spleen (S), consistent with hepatic steatosis. Also note
the peripheral hyperattenuating rim of fatty sparing around
the lesion. b Corresponding contrast-enhanced CT image shows
no enhancement, internal debris, or wall irregularities in the
lesion

are identified in the liver, fibropolycystic disease
should be considered, such as biliary hamartomas or
autosomal dominant fibropolycystic liver disease.
Cysts do not communicate with the biliary tree and
typically contain clear fluid. At histology, the cyst
lining consists of a single layer of bile duct epithelium.

At unenhanced CT, cysts manifest as rounded or
oval shaped, thin-walled, well-defined, water attenu-
ating (from —10 to +10 HU) lesions (Fig. 1). When
cysts are smaller than 1.0 cm, reliable attenuation
measurements cannot be obtained and lesions remain
indeterminate at imaging (Mortelé et al. 2001). The
majority of hepatic cysts are unilocular, although
occasionally one or two thin septa may be seen.
Rarely, cysts may demonstrate increased attenuation
and heterogeneous appearance due to hemorrhage or
infection. In these cases, differential diagnosis with
hepatic abscess or cystic liver tumors (e.g., biliary
cystadenoma or cystadenocarcinoma, and cystic
metastases) cannot be made at imaging. Cyst may also
show relatively higher attenuation compared to the
surrounding liver in the setting of severe fatty liver
disease (Fig. 1). At contrast-enhanced CT, no contrast
enhancement is demonstrated in both the cystic con-
tent and peripheral wall (Mortelé et al. 2001; Fig. 1).

Simple cysts should be managed conservatively.
Surgery or percutaneous catheter drainage with
alcohol sclerosis may be indicated in rare cases of
patients with large, symptomatic cysts.
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Fig. 2 Hepatic hemangioma and simple hepatic cysts. a Trans-
verse unenhanced CT image demonstrates two water density
lesions (white arrows), consistent with simple hepatic cysts,
and a third low attenuation indeterminate lesion (black arrow)
in the right liver. b Corresponding contrast-enhanced CT image
during hepatic arterial phase shows lack of enhancement of the

4 Hepatic Cavernous Hemangioma

Hepatic cavernous hemangioma is a common benign
congenital lesion. With an estimated incidence of
5-20% in the general population, hemangioma is the
most common benign hepatic tumor. This tumor is
more frequently encountered in middle-aged women,
suggesting a possible causative effect of female sex
hormones. In most cases, hemangioma is an inci-
dental finding in asymptomatic patients. Occasion-
ally, larger lesions may cause signs and symptoms
related to mass effect, such as upper abdominal mass,
abdominal discomfort, and pain. Giant hemangiomas

two cysts and early, discontinuous, peripheral nodular enhance-
ment of the third lesion, which progresses centripetally toward
near complete filling during the (c¢) hepatic venous and
(d) delayed phases. Findings are characteristic of hepatic
cavernous hemangioma

(defined as lesions >10 cm) may also cause throm-
bocytopenia and consumptive coagulopathy due to
blood pooling within the dilated sinusoids of the
tumor.

With the exception of patients with fatty liver dis-
ease, hemangioma manifests as hypoattenuating lesion
relative to the liver at unenhanced CT. Central coarse
calcifications may be identified in giant hemangiomas.
At contrast-enhanced CT, hemangioma demonstrate a
characteristic enhancement pattern with early, discon-
tinuous, peripheral nodular enhancement, which pro-
gresses centripetally toward uniform filling (Nelson
et al. 1990; Quinn and Radiology 1992; Fig. 2). By
definition, the areas of contrast enhancement are
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Fig. 3 Capillary (flash filling) hemangioma. a Transverse
unenhanced CT image demonstrates a low attenuation lesion
in segment V, adjacent to the gallbladder fossa. b Correspond-
ing contrast-enhanced CT image during hepatic arterial phase
shows uniform vivid enhancement of the lesion. Note periph-
eral wedge-shaped homogeneously hyperattenuating area adja-
cent to the lesion, consistent with a transient hepatic attenuation

')'..c\

Fig. 4 Focal nodular hyperplasia and hepatic hemangioma.
a Transverse unenhanced CT image demonstrates two hyper-
dense lesions, one lesion in the right hepatic lobe (black arrow)
and the other in the left hepatic lobe (white arrow). Note
attenuation of the liver is lower than that of the intrahepatic
vessels, consistent with hepatic steatosis. b Corresponding
contrast-enhanced CT image during hepatic arterial phase
shows early, discontinuous, peripheral nodular enhancement of
the lesion on the right lobe, suggestive of hepatic hemangioma,
and uniform vivid enhancement of the lesion on the left lobe.

isodense to the blood pool vessels. Giant hemangiomas
usually lack complete enhancement on delayed phase
images due to thrombosis or sclerosis of the central
portion of the tumor.

Small hemangiomas (<2.0 cm)—commonly refer-
red to as capillary hemangiomas or flash filling heman-
giomas—may enhance rapidly and homogeneously
during HAP (Fig. 3), mimicking other either benign or
malignant hypervascular liver tumors (Kim et al. 2001).
Transient peritumoral enhancement during the HAP is
frequently observed due to associated arterio-venous
shunt (Byun et al. 2004; Fig. 3).

difference due to arterioportal shunt. ¢ Corresponding contrast-
enhanced CT image during hepatic venous phase demonstrates
sustained enhancement of the lesion comparable to the vessels.
Findings are suggestive of capillary (flash filling) hemangioma.
Note the perilesional area of transient hepatic attenuation
difference is not discernible on this more delayed contrast-
enhanced phase

¢ Corresponding contrast-enhanced CT image during hepatic
venous phase demonstrates nearly homogenous enhancement of
the lesion on the right lobe, which is consistent with heman-
gioma. The lesion on the left lobe shows sustained enhance-
ment, fading toward isoattenuation compared to the
surrounding liver. Findings are suggestive of focal nodular
hyperplasia. No central scar is identified likely due to the small
size (<3.0 cm) of the tumor. Association of hepatic hemangi-
oma and focal nodular hyperplasia is not uncommon on cross-
sectional imaging

Hepatic cavernous hemangiomas should be man-
aged conservatively. Larger lesions may require
surgery (i.e., enucleation or liver resection) if clinically
symptomatic.

5 Focal Nodular Hyperplasia

Focal nodular hyperplasia (FNH) is a hyperplastic
response of the hepatic parenchyma to a congenital or
acquired anomaly of the arterial blood supply leading
to focal hyperperfusion (Wanless et al. 1985). FNH
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Fig. 5 Classic focal nodular hyperplasia. a Transverse unen-
hanced CT image demonstrates an expanding mass in the
inferior tip of the right liver lobe. Lesion shows isoattenuation
relative to the surrounding liver. b Corresponding contrast-
enhanced CT image during hepatic arterial phase shows
uniform vivid enhancement of a large hepatic lesion. Note
irregular central scar and radiating septa manifesting as linear

occurs most frequently in childbearing women (male-
to-female ratio is 1:8). After hemangioma, FNH is the
second most common benign tumor of the liver with
an estimated incidence of 3-8% in the general
population. Unlike hepatic adenoma, oral contra-
ceptives do not play a causative role in the develop-
ment of FNH, although data suggests possible lesion
growth in patients taking oral contraceptives or ana-
bolic hormones. Typically, FNH is an incidental
finding in asymptomatic patients. Larger lesions may
cause abdominal discomfort and pain due to mass
effect.

hypodense areas within the tumor. Corresponding contrast-
enhanced CT image during (c) hepatic venous and (d) delayed
phases demonstrate with isoattenuation relative to the sur-
rounding liver, consistent with focal nodular hyperplasia. Note
delayed increased enhancement of the central scar relative to
the lesion

Atunenhanced CT, FNH is generally isoattenuating
relative to the surrounding liver. In the setting of diffuse
fatty liver disease, FNH may show high attenuation due
to decreased density of the surrounding liver (Fig. 4).
FNH demonstrates a characteristic enhancement pat-
tern with vivid enhancement during the HAP followed
by isoattenuation relative to the adjacent liver during
the HVP and delayed phase (Brancatelli et al. 2001;
Choi et al. 1998; Figs. 4, 5). This enhancement pattern
reflects the rich arterial blood supply of FNH and dif-
ferentiates this benign lesion from common malignant
hypervascular liver tumors, which show faster contrast
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Fig. 6 Atypical focal nodular hyperplasia. a Transverse con-
trast-enhanced CT image during hepatic arterial phase demon-
strates a large lesion in the right hepatic lobe, which shows
uniform vivid enhancement with the exception of a central scar.

Fig. 7 Atypical focal nodular hyperplasia. a Transverse con-
trast-enhanced CT image during hepatic arterial phase demon-
strates a large lesion in the posterior right hepatic lobe, which
demonstrates uniform vivid enhancement. No central scar is
identified. b Corresponding contrast-enhanced CT image during
hepatic venous shows isoattenuation of the lesion relative to the
surrounding liver and thin peripheral hyperattenuating rim

washout compared to the liver over time. Delayed
enhancement of a central fibrous scar (frequently seen
in larger lesions) is another characteristic imaging
finding of FNH (Fig. 5).

Although most lesions can be confidently diag-
nosed based on characteristic imaging appearance,
occasionally FNH may show atypical imaging find-
ings, including washout (i.e., hypoattenuating to liver
parenchyma) during the PVP and equilibrium phases,
peripheral rim enhancement, absence of a central scar
(particularly for lesions <3.0 cm), or lack of delayed

b Corresponding contrast-enhanced CT image during delayed
phase (5 min after intravenous contrast material administration)
shows isoattenuation of the lesion relative to the surrounding
liver, but no delayed enhancement of the central scar

mimicking a pseudocapsule. ¢ Transverse gadoexetate dimeg-
lumine-enhanced fat-suppressed T1-weighted gradient-echo
image during the liver-specific phase demonstrates homoge-
nous uptake of the hepatobiliary contrast agent by the lesion,
which is comparable with that of the surrounding liver.
Findings are consistent with focal nodular hyperplasia

enhancement of the central scar (Fig. 6). Atypical
FNH may simulate either primary or secondary
hypervascular malignant liver tumors, thus prompting
further investigation with close imaging follow-up or,
in some cases, liver biopsy. Recently, liver-specific
MR contrast agents have shown the potential to pro-
vide additional clues, which may help in the diagnosis
of atypical FNH lesions (Grazioli et al. 2001; Fig. 7).

Due to the lack of malignant potential and extre-
mely low complication-rate, FNH is managed
conservatively.
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Fig. 8 Large regenerative nodules. a Transverse contrast-
enhanced CT image during hepatic arterial phase demonstrates
two liver lesions showing uniform vivid enhancement. b Cor-
responding contrast-enhanced CT image during hepatic venous

6 Large Regenerative Nodules

Large regenerative nodules (LRN) represent a com-
pensatory response of the liver in the setting of
impaired hepatic perfusion. Several hepatic vascular
disorders may foster the development of LRN, most
notably Budd—Chiari syndrome, hereditary hemor-
rhagic telangectasia, congenital portosystemic shunt,
and congenital hepatic fibrosis (Kondo 2001).
Although LRN nodules are relatively rare, their
reported frequency is raising as a result of higher-
resolution contrast-enhanced CT and MR imaging
performed with multiphasic acquisition protocols.
Patients with LRN are generally asymptomatic,
although portal hypertension and hepatic failure have
been reported in rare cases.

Imaging findings of LRN closely overlap with those
of FNH. At unenhanced CT, LRN are isoattenuating
compared with the surrounding liver. At contrast-
enhanced CT, lesions demonstrate vivid, homogeneous
enhancement during the HAP with sustained
enhancement during HVP and delayed phase
(Brancatelli et al. 2002a, c; Vilgrain etal. 1999; Fig. 8).
Other common, but less distinctive features of LRN are
the tendency to multifocality, well-circumscribed
margins, smooth surface, and homogeneous appear-
ance. Another characteristic, although not always
identified finding of LRN is a thin perilesional hypo-
intense halo, best seen during HAP. This finding differs

shows isoattenuation relative to the surrounding liver. Focal
nodular hyperplasia would demonstrate identical appearance on
dynamic CT. When imaging findings are typical, no follow-up
or aggressive management is warranted

from the pseudocapsule of HCC, which manifests as a
thin rim of perilesional enhancement, only seen during
HVP and delayed phase.

LRN are managed conservatively.

7 Hepatocellular Adenoma
and Adenomatosis

Hepatocellular adenoma is a typical lesion of repro-
ductive age women (male-to-female ratio is 1:10).
Although the pathogenesis of adenoma remains
uncertain, estrogen-containing or androgen-containing
medications have shown to play an important in
lesion development and growth. The incidence of
adenoma is also increased in patients with glycogen
storage disease for unknown reasons. Liver adeno-
matosis is a clinical syndrome characterized by mul-
tiple adenomas (by definition more than 10) without
known predisposing factors (Grazioli et al. 2000).
Although generally asymptomatic, patients with large
lesions may present with abdominal pain or, in rare
cases, hypovolemic shock secondary to hemorrhage.
Malignant degeneration may rarely develop within
adenoma. Lesion complications occur more fre-
quently with a subgroup of adenomas, called telan-
giectatic adenomas.

At precontrast CT, adenoma manifest as a large,
heterogeneous mass due to variable extent of hemor-
rhage, necrosis, and calcification (Ichikawa et al. 2000).
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Fig. 9 Hepatic adenoma. a Transverse unenhanced CT image
demonstrates no definite liver abnormalities. b Corresponding
contrast-enhanced CT image during hepatic arterial phase
shows a small (<3.0 cm) subcapsular lesion in segment 4,
which demonstrates mild uniform enhancement. ¢ Correspond-
ing contrast-enhanced CT image during delayed phase

demonstrates lesion washout with relative hypoattenuation
compared to the surrounding liver. The latter findings was
concerning for a malignant hypervascular liver tumor and
prompted further investigation with biopsy. Hepatic adenoma
with no signs of malignant degeneration was demonstrated at
histopathological analysis

Fig. 10 Hepatic lipoma. a Transverse unenhanced CT image
demonstrates a small, well-circumscribed, fat density lesion in
the right hepatic lobe. b Corresponding contrast-enhanced CT

Small lesions tend to be homogeneous in appearance
and are commonly iso or slightly hypoattenuating
relative to the surrounding normal liver. Lesions may
be hyperattenuating in the setting of diffuse fatty liver
disease. The presence of internal areas of fat deposi-
tion is another distinctive feature of adenoma. MR
imaging using in-phase and opposed-phase chemical
shift gradient-echo imaging is more sensitive than CT
for the detection of intracellular fat. At contrast-
enhanced CT, adenomas demonstrate heteroge-
neously mildly increased enhancement compared
with the surrounding liver during HAP with incon-
sistent washout during PVP and delayed phase
(Ichikawa et al. 2000; Fig. 9). Differential diagnosis
between adenomas and hepatocellular carcinoma or

image during hepatic venous shows lack of enhancement of the
lesion, consistent with lipoma. Purely fat containing angiomy-
olipoma would have identical appearance on CT

other malignant hypervascular lesions is not possible
based on imaging findings, thus warranting lesion
biopsy in most cases.

Discontinuation of steroid medication may be
indicated for conservative management of small
adenomas. Due to increased risk of complications
(i.e., rupture or malignant transformation), surgical
resection is warranted for larger lesions.

8 Angiomyolipoma and Lipoma

Angiomyolipoma and lipoma are rare benign mes-
enchymal tumors of the liver. Angiomyolipoma is
composed of variable amounts of smooth muscle, fat,
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Fig. 11 Calcified metastatic liver lesions from mucinous
colorectal cancer. a Transverse unenhanced CT image demon-
strates two large predominantly calcified masses and a subtle,
noncalcified, low attenuation lesion in the right hepatic lobe.
b Corresponding contrast-enhanced CT image during hepatic
venous shows increased conspicuity of the noncalcified lesion

and peripheral hypodense rim in the two calcified lesions.
Findings are suggestive of metastatic disease from a primary
mucinous tumor (e.g., colon or ovarian cancer). Metastatic
disease from other primary tumors could also demonstrate a
similar appearance after chemotherapy treatment

Fig. 12 Hypervascular metastatic liver lesions from neuroen-
docrine tumor of the pancreas. a Transverse unenhanced CT
image demonstrates two subtle low attenuation lesions in the
right liver lobe. b Corresponding contrast-enhanced CT image

and proliferating blood vessels. Association with
tuberous sclerosis is described in 10% of cases.

At unenhanced CT, angiomyolipoma demonstrate
coexistence of both fat and soft tissue components
that vary in relative extent in different patients.
Occasionally, tumor may demonstrate dominance of a
single component, mimicking either hepatic lipoma
(dominance of fat tissue) or other hypervascular liver
tumors (dominance of smooth muscle and blood
vessels component) (Fig. 10).

during hepatic arterial phase shows vivid enhancement of the
lesions, as well as a third subcentimeter lesion in the left
hepatic lobe

9 Malignant Liver Lesions in
Non-Cirrhotic Liver

Thin-section contrast-enhanced MSCT is the pre-
ferred imaging modality for the preoperative detec-
tion, staging, treatment planning, and follow-up of
patients with malignant liver lesions. Furthermore,
MSCT plays a pivotal role during imaging follow-up
of patients with treated liver tumors, where it allows
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Fig. 13 Hypovascular metastatic liver lesions from cutaneous
melanoma. a Transverse unenhanced CT image demonstrates
subtle heterogeneous appearance of the liver without discrete
lesions. b Corresponding contrast-enhanced CT image during

prompt identification of procedure-related complica-
tions, tumor recurrence, and differentiation of therapy
responders from nonresponders (Valls et al. 2001).
The latter information is critical for timely discon-
tinuation or change of chemotherapy regimen,
resulting in improved patient’s survival, quality of
life, and decreased costs.

10 Hepatic Metastases

Metastases are by far the most common malignant
neoplasm of the liver, with an incidence of 40% in
cancer patients at the time of death. The most com-
mon primary sites for liver metastases include the
gastrointestinal tract, pancreas, gallbladder, breast,
lung, eye, and carcinoids. Although liver metastases
are fed primarily by arterial blood supply, they have
been arbitrarily classified as hypervascular or hypo-
vascular according to their enhancement pattern rel-
ative to that of the surrounding liver at MSCT (Foley
et al. 2000).

At unenhanced CT, metastases are commonly dif-
ficult to identify demonstrating variable appearance
(Namasivayam et al. 2007; Kanematsu et al. 2006).
Two notable exceptions are the presence of prominent
areas of calcifications in mucinous adenocarcinoma
metastases (i.e., colon-rectum or ovary) (Fig. 11) and
the nearly complete cystic degeneration that may
occur after chemotherapy, particularly in gastrointes-
tinal stromal tumors treated with new antiangiogenic
therapies. At contrast-enhanced CT, hypervascular

hepatic arterial phase shows multiple low attenuation lesions in
both hepatic lobes, which increase in both number and conspi-
cuity during (c) the hepatic venous phase. Findings are consistent
with multifocal disseminated hypovascular liver metastases

Fig. 14 Ring enhancement of metastatic liver lesions from
breast cancer. Transverse contrast-enhanced CT image during
hepatic venous demonstrates multiple liver lesions showing
continuous peripheral rim of enhancement and hypodense
necrotic center, consistent with multifocal metastatic liver
disease. This enhancement pattern differs substantially from the

discontinuous nodular enhancement pattern of hepatic
hemangioma
metastases, such as those from neuroendocrine

tumors, thyroid, renal cell carcinoma, pheocromocy-
toma, and occasionally, breast, melanoma, and gas-
trointestinal stromal tumors, are best depicted during
the HAP as hyperattenuating foci compared with the
surrounding liver (Fig. 12). Hypovascular liver
metastases, which encompass the vast majority of
cases (e.g., colorectal tumor metastases), manifest as
hypoattenuating lesions best seen during the HVP
when the maximum enhancement of hepatic paren-
chyma is attained (Fig. 13). An early, continuous,
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liver.

in noncirrothic
a Transverse unenhanced CT image demonstrates a large
hypodense mass occupying most of the right hepatic lobe as
well as a smaller lesion with similar appearance in the left hepatic
lobe. b Corresponding contrast-enhanced CT image during
hepatic arterial phase shows mild heterogeneous enhancement of

Fig. 15 Hepatocellular carcinoma

peripheral rim of enhancement is also a classic finding
of hypovascular liver metastases, reflecting highly
vascularised viable tumor at the periphery of the lesion
(Yu et al. 2006; Fig. 14). This sign differs from the
typically discontinuous nodular peripheral enhance-
ment of hemangiomas.

11 Hepatocellular Carcinoma
in Non-Cirrhotic Liver

Hepatocellular carcinoma (HCC) is the most common
primary malignant liver tumor. Although HCC devel-
ops classically in the setting of cirrhosis, particularly in
patients with chronic hepatitis viral infection, recent
evidence suggests that in a significant minority of cases
(approximately 20%) HCC may arise in an otherwise
normal liver (Brancatelli et al. 2002b). The demo-
graphic characteristics, imaging manifestations, and
prognosis of HCC in non-cirrhotic liver differ sub-
stantially from those of HCC in cirrhosis. Patients are
generally younger and have a longer survival rate.
Since the disease course is generally indolent and tumor
surveillance is not performed, HCC in non-cirrhotic
liver tend to manifest as large lesions at diagnosis.
Abdominal pain due to mass effect, weight loss, and
anorexia are common symptoms referred by patients at
diagnosis. In a consistent number of patients, HCC may
be incidentally discovered at imaging studies for
unrelated reasons. Despite the large size, most
HCC arising in non-cirrhotic liver are well to moder-
ately differentiated at histopathological analysis, thus

the tumor due to presence of areas of viable tissue and necrosis.
Note smaller hypervascular satellite lesion in the left liver lobe.
¢ On hepatic venous phase, both lesions demonstrate unequiv-
ocal washout showing hypoattenuation compared to the sur-
rounding liver, a classic finding of hepatocellular carcinoma

explaining the generally favorably prognosis in these
patients.

At unenhanced CT, HCC manifest as a large domi-
nant lesion that is hypoattenuating compared with the
surrounding liver (Fig. 15; Brancatelli et al. 2002b).
Peripheral calcification may be seen. At contrast-
enhanced CT, lesions show mild, heterogeneous
enhancement during HAP followed by washout during
HVP and delayed phase (Fig. 15; Brancatelli et al.
2002). Areas of necrosis or hemorrhage are common
findings within these lesions, which are best seen on
unenhanced CT images. Tumor invasion of the portal
vein, hepatic veins, and biliary ducts are common.

Radical surgery with curative intent is the treat-
ment of choice for HCC in non-cirrhotic liver.

12 Fibrolamellar HCC
Fibrolamellar HCC is a rare primary hepatic malig-
nancy. Although this tumor differs from conventional
HCC at histopathological analysis, fibrolamellar HCC
demonstrates many overlapping clinical and imaging
characteristics with HCC in non-cirrhotic liver
(McLarney et al. 1999). Fibrolamellar HCC occurs in
young patients without cirrhosis. Although tumor is
generally identified at more advanced stages due to its
indolent slow growth, it is associated with more
favorable prognosis than that of HCC in cirrhosis.
At unenhanced CT, fibrolamellar HCC manifest as
hypoattenuating large liver mass (McLarney et al.
1999; Ichikawa et al. 1999). Demonstration of a
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central fibrous scar with radiating septa and coarse
calcifications is a very distinctive feature of fibrola-
mellar HCC. At contrast-enhanced CT, fibrolamellar
HCC shows well-defined contour and lobulated mar-
gins with heterogeneous enhancement (McLarney
et al. 1999; Ichikawa et al. 1999). During HVP and
delayed phase, tumor demonstrates washout becom-
ing hypoattenuating compared with the surrounding
liver. Notably, unlike other benign liver tumors with a
central scar (e.g., FNH), there is no delayed
enhancement of the central fibrous scar in fibrola-
mellar HCC (Blachar et al. 2002). Coexistence of
multiple bulky lymphadenopathy in the porta hepatis
and the anterior cardiophrenic angles is identified in
more 50% of patients at the time of diagnosis.

Radical surgery with curative intent is the treat-
ment of choice for fibrolamellar HCC.

13 Hepatocellular

Cholangiocarcinoma

Combined hepatocellular cholangiocarcinoma (cHCC-CC)
is an uncommon tumor accounting for 1-7% of the
primary hepatic cancers. This tumor may occur in the
setting of cirrhosis and demonstrates an aggressive
course with almost invariably poor outcome (Jarnagin
et al. 2002). Diagnosis of cHCC-CC is based on
demonstration within the same lesion of areas of both
hepatocellular differentiation and cholangiocellular
differentiation at histopathological analysis.

At imaging shows nonspecific imaging findings
(Ebied et al. 2003). Typically, there is coexistence of
areas of arterial enhancement, suggestive of HCC,
along with other areas of delayed enhancement and
capsular retraction consistent with cholangiocarci-
noma. The relative extent of these two components
may vary substantially among different patients.

Radical surgery with curative intent is the treat-
ment of choice for cHCC-CC.

14 Epithelioid

Haemangioendothelioma

Epithelioid haemangioendothelioma (EHE) is a low-
grade malignant vascular neoplasm with an interme-
diate clinical course between that of cavernous
hemangioma and malignant angiosarcoma. EHE

Fig. 16 Epithelioid haemangioendothelioma. Transverse con-
trast-enhanced CT image during the hepatic venous demon-
strates multiple peripheral liver lesions showing characteristic
target-type enhancement pattern (the so-called, bull’s eye
appearance), with central hypoattenuating area surrounded by
a peripheral thick enhancing ring and outer hypoattenuating
halo

shows slight female predominance (male-to-female
ratio is 2:3) and peak incidence around 50 years of
age. Clinical signs and symptoms are nonspecific,
including weakness, anorexia, weight loss, and upper
abdominal discomfort.

At unenhanced CT, EHE manifests as multiple
hypoattenuating masses compared with the liver
(Miller et al. 1992; Mermuys et al. 2004; Fig. 16).
With increasing size, lesions may become partially
confluent. Capsular retraction is a common distinctive
finding of EHE that occur when lesions abut the liver
surface. At contrast-enhanced CT, EHE shows
characteristic target-type enhancement pattern (the
so-called, bull’s eye appearance) with a central hyp-
oattenuating area, corresponding to central fibrous
core, surrounded by a peripheral thick enhancing ring
and outer hypoattenuating halo, corresponding to
peripheral viable tumor and avascular transition zone,
respectively (Miller et al. 1992; Mermuys et al. 2004).

Liver transplantation is sometimes offered to
patients with EHE.

15 Angiosarcoma

Angiosarcoma is the most common sarcoma of the
liver. The peak age incidence is in the sixth and
seventh decades, with a male-to-female ratio of 3:1.
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Fig. 17 Hepatic angiosarcoma. a Transverse unenhanced
CT image during the hepatic venous demonstrates a large
hypodense mass occupying most of the right hepatic lobe.
Corresponding contrast-enhanced CT image during (b) hepatic

Several conditions have been associated with the
development of angiosarcoma of the liver, including
hemochromatosis, von Recklinghausen’s disease, and
environmental carcinogens (i.e., vinyl chloride tho-
rium dioxide and arsenic). However, tumor develops
in patients without known associated risk factors.

At unenhanced CT, angiosarcoma demonstrates
isoattenuation to the abdominal vessels. Focal
hyperattenuating areas can be seen due to hemor-
rhage. At contrast-enhanced CT, tumor shows vari-
able, nonspecific enhancement patterns (Peterson
et al. 2000; Koyama et al. 2002; Fig. 17). Diagnosis is
rarely suggested at imaging, thus prompting further
evaluation with lesion biopsy.

Surgery can be performed with curative intent
when tumor involves one hepatic lobe. Involvement
of both liver lobes precludes any surgical intervention
making the patient a candidate for palliative therapies
including, systemic or hepatic arterial chemotherapy.
Note small hepatic hemangioma in the left liver lobe
(curved arrow).
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Abstract

Liver resection consists of the removal of a lobe or
segment of the liver, and is usually followed by
subsequent regeneration of the remnant parenchyma.
Liver resection is mostly indicated not only in
malignant tumors, but also in some benign liver
conditions. Most of liver resections are “anatomical”
which means that they are ruled by vascular
landmarks such as portal and hepatic veins. Imaging,
especially multiphasic CT, plays a major role in
diagnosing and staging the liver disease, helping in
surgical treatment planning, and in evaluating post-
operative regeneration. CT is also crucial in the
postoperative course for diagnosing complications.
Most common complications are fluid collections
(hematoma, biloma), and vascular complications.
Postoperative imaging of the bile ducts is nowadays
primarily based on non-invasive imaging modalities
and invasive approach should be restricted to inter-
ventional procedures. CT scan has several advanta-
ges: complete overview of the abdomen, excellent
vessels analysis, and pneumobilia depiction. Lapa-
roscopic cholecystectomy is the most common
biliary surgery, usually for acute or chronic calculous
disease. Bile leakages are the most common compli-
cations, usually due to an incomplete cystic duct
stump or to an injury because of an anatomical biliary
duct variant. They may be revealed early with biliary
collection, or lately with bile duct stenosis. Other
common biliary surgical procedures are gallbladder
resection and bile duct resection for cancer, inflam-
matory or traumatic lesions. Most early complica-
tions are biliary or enteric leaks or hemorrhage, all
of them easily diagnosed by CT scan. Most late
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complications are secondary cholangitis due to
stenosis, reflux, or dysfunction, for which CT plays
an important role in assessing changes in liver
morphology and searching vascular complications.

1 Postoperative Liver

Liver resection consists of the removal of a lobe or
segment of a liver. It is usually followed by subsequent
regeneration of the residual parenchyma within a few
weeks which allows resection up to 80% of the liver
volume in healthy livers. Liver resection is still consid-
ered as one of the most difficult and challenging opera-
tions in general surgery. The explosion in liver resection
over the last 20 years has been due to refinements of
surgical techniques, appropriate patient selection,
optimal anesthesia and proper postoperative care leading
to significant reduction of mortality and morbidity.
Despite the advances in non-surgical ablative treatments,
surgery is still the curative treatment for metastatic liver
tumors combined with perioperative chemotherapy. In
hepatocellular carcinoma, there are more therapeutic
options from non-surgical treatments, the most common
being radiofrequency tumor ablation and chemoembo-
lization to liver transplantation. Liver resection is best
indicated in large tumors developing in patients with no
or minimal liver insufficiency. Liver resection is also
widely performed in resectable peripheral cholangio-
carcinomas and in some benign liver tumors. The most
current indications of liver resection in benign liver
neoplasms are hepatocellular adenomas at risk of com-
plications and hydatid cyst. Liver resection could also be
indicated in symptomatic patients with polycystic liver
disease. Conversely, there are no indications for liver
resection in patients with asymptomatic hemangioma or
focal nodular hyperplasia. Imaging plays a major role in
diagnosing and staging the liver disease and helping in
treatment planning. It is also crucial in the postoperative
course for diagnosing complications.

Anatomical Versus Non-Anatomical
Resection

1.1

Developments in the understanding of hepatic anat-
omy have been of vital importance in liver resection.
It is now well known that the external morphology of

the liver does not correspond to the functional anat-
omy. Thanks to Couinaud who has been a pioneer in
this field by showing two major advances (Couinaud
1957). First, liver can be subdivided in hemilivers,
sectors and segments using venous landmarks: portal
branches and hepatic veins. Second, each segment has
its own hepatic artery, portal vein and biliary drainage
and therefore can be removed or kept safely.
Resection of liver lesions can thus be planned and
carried out according to the segmental distribution.
This carries the advantage of less bleeding as it avoids
major vessels and also reduces the likelihood of
leaving ischemic liver tissues behind, since the blood
supply to the remnants is preserved. Non-anatomical
or wedge-resection has a place for peripheral or
superficial lesions, or when the lesion crosses the
boundary of multiple segments, or in situations where
the preservation of liver substance is of paramount
importance.

A resection of less than three liver segments is
regarded as a minor hepatectomy while resection of
three or more liver segments is termed major hepa-
tectomy. Resections involving five or more liver
segments are regarded as extended hepatectomy
(Huynh-Charlier et al. 2009).

1.2 Preoperative Imaging

The role of preoperative imaging is not only to give
diagnostic clues but also to give all the information for
safe surgery including anatomical landmarks, abnormal
variants that could make the resection difficult and
assess the future liver remnant volume in major
resection. Ultrasound, CT and MR imaging are the
most useful tools. Multiphasic CT is really the key
imaging by showing 2D and 3D high resolution
images. Liver volume can be measured easily either
automatically or semi-automatically from CT and MR
images. The minimal future liver remnant volume
varies with the liver function. Twenty-five to 30% are
sufficient in normal livers whereas 40-50% are needed
in cirrhotic livers (Tanaka et al. 1993). Presence of
portal hypertension in cirrhotic patients should also be
searched and often contra-indicates liver resection.
When future liver remnant volume is insufficient, portal
vein embolization of the future resected liver can be
performed. It induces significant increase of the future
liver remnant allowing safer surgery (Abdalla 2010).
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1.3 Surgical Techniques
Basically, there are two approaches in anatomical
resections. In the conventional approach, hepatectomy
starts by mobilizing the liver to be resected. This con-
sists of division of the falciform ligament, the right or
left triangular ligament. An alternate anterior approach
has been advocated especially in right hepatectomy. It
starts with hilar dissection, ligation and division of the
right hepatic artery and portal vein. Liver transection
then begins over the anterior surface of the liver, toward
the IVC along the principal plane using the hanging
maneuvre (Belghiti et al. 2001). Bleeding remains the
major problem associated with liver resection. Bleed-
ing and the subsequent blood transfusion have been
shown to increase postoperative morbidity and mor-
tality (Kooby et al. 2003). Thus, reducing blood loss
and avoidance of transfusion are the primary objectives
of most liver surgeons. Hepatic vascular control
(Pringle maneuvre and other more recent techniques) is
an effective way to achieve these goals.
Intra-operative ultrasound is an essential tool for
hepato-biliary surgeons. It is used to locate knownliver
lesions, to detect further liver lesions on-table, to guide
the line of transection and to mark important vascular
patterns. Intraoperative contrast-enhanced ultrasound
may help to visualize poorly visible lesions on con-
ventional intra-operative ultrasound either to resect
them or to perform combined ablation procedures.
Liver resection can be performed laparoscopically
however the development of laparoscopic techniques
for liver resection has been relatively slow. The best
indications for laparoscopic liver resection nowadays
are that tumors located at segment II, III, IVb, V or VI,
of size 5 cm or less; lesions which are not close to major
vascular trunks; and when there is no need for vascular
or biliary reconstruction (Gagner et al. 2004).

Most Common Anatomical Liver
Resections

The majority of hepatic resections involve the right or
left hemiliver and the inflow of the resected hemiliver
must be ligated at some point during the resection
(Fig. 1). The same is true of resections of a sector or
of a segment. The outflow must also be controlled and
divided at some point. Right hepatectomy involves
the resection of segment V, VI, VII and VIII which
approximately represents 65% of the total liver
volume (Chen et al. 1991). The right pedicles are

1.3.1

Fig. 1 Top Right hepatectomy (anterior and inferior view): The
section plane courses parallel to the middle hepatic vein. Below
Left hepatectomy (anterior and inferior view): The section plane
courses parallel to the middle hepatic vein. Below Extended right
hepatectomy (anterior and inferior view): The section plane is the
umbilical fissure. Bottom Left lobectomy (anterior and inferior
view): The section plane is the umbilical fissure

ligated. The section plane courses parallel to the
middle hepatic vein which might be preserved.

Left hepatectomy involves the resection of segment
IL, IIT and IV which approximately represents 35% of
the total liver volume (Chen et al. 1991). The left
pedicles are ligated. The section plane courses parallel
to the middle hepatic vein which might be preserved.

Extended right hepatectomy involves the resection
of segments IV to VIII and can include resection of the
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caudate lobe (segment I). This resection is necessary to
treat right-sided tumors that extend into segment IV.
The umbilical fissure is opened, and all vascular and
biliary branches to segments IVa and IVb are ligated.
This resection represents approximately 80% of the
total liver volume (Chen et al. 1991). The outflow is
maintained via the left hepatic vein.

Left lobectomy involves the resection of segment
II and III which approximately represents 20% of the
total liver volume (Chen et al. 1991). The section
plane is the umbilical fissure. The left pedicles are
ligated at the left side of the umbilical fissure while
preserving the left branch of the portal vein.

1.3.2 Other Surgical Procedures
Caudate lobe (segment I) resection: The caudate lobe
represents less than 5% of the total liver volume and
is deeply located between the inferior vena cava, the
hepatic hilum and the distal portion of the middle
and left hepatic veins. This explains why isolated
resection of the caudate lobe is rarely performed
(Katsihuko et al. 1994). Right or left hepatectomy
may be associated to resection of the caudate lobe.
Right anterior hepatectomy involves the resection
of segment II, III, IV, V and VIII which approxi-
mately represents 65% of the total liver volume (Chen
et al. 1991). The section plane courses parallel to the
right hepatic vein which has to be preserved.
Central hepatectomy involves the resection of
segment IV, V and VIII which approximately repre-
sents 50% of the total liver volume (Chen et al. 1991).
This resection might be indicated in central tumors
that do not invade primary biliary confluence. The
middle hepatic vein is removed. The drawback of this
surgical procedure is to have two liver sections which
potentially increase the postoperative complications.
Posterior sectorectomy involves the resection of
segment VI and VIII which approximately represents
35% of the total liver volume (Chen et al. 1991). This
resection is mainly performed when liver volume
should be preserved as much as possible especially in
patients with chronic liver disease.

1.4 Normal Postoperative Course

Liver regeneration allows restoration of the liver
function within two or three weeks. During the first
week, prothrombin time and serum bilirubin can be

Fig. 2 Contrast-enhanced CT after right hepatectomy: the left
hepatic lobe extends in the epigastrium and becomes ovoid with
round contours. Inferior vena cava is displaced posteriorly.
Right colon occupies the right hypocondrium

profoundly altered. The “50-50 Criteria” on postop-
erative day 5 (defined by the association of prothrombin
time <50% and serum bilirubin >50 pml/L) have been
shown an accurate predictor of liver failure and death
after hepatectomy (Balzan et al. 2005). After right
hepatectomy, the liver remnant at day 7 shows a mean
increase in the volume of 64% from the future liver
remnant. The most important factors that significantly
alter liver regeneration are the presence of liver fibrosis
or cirrhosis and disturbance of the outflow. Patients
with harvesting of the middle hepatic vein have volume
and segmental regeneration index significantly lower
than in other patients, for both the caudate lobe and
segment IV (Zappa et al. 2009).

Shape and location of the postoperative liver
depends on the type of liver resection. After right
hepatectomy, the left hepatic lobe extends in epigas-
trium and becomes ovoid with round contours.
The caudate lobe may increase in volume or not. The
umbilical fissure is displaced to the right, whereas
inferior vena cava is displaced posteriorly. Right
colon and ileum may occupy the right hypocondrium
(Fig. 2). After extended right hepatectomy, findings
are similar but the segment IV is no longer visible
(Couanet et al. 1984).

After left hepatectomy, right liver becomes
hypertrophic extending below the costal skeleton and
has round contours. The caudate lobe may enlarge
or not. The portal vein is displaced to the left.
The stomach and transverse colon are next to the right
liver (Couanet et al. 1984) (Fig. 3).
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Fig. 3 Contrast-enhanced CT after left hepatectomy: the right
liver becomes hypertrophic extending below the costal skeleton
and has round contours. The portal vein is displaced to the left.
The duodenum and the transverse colon are next to the right
liver

After left lobectomy, the left portal branch is the
inner border of the liver. The left portal branch
usually decreases in size over time. Morphologic
changes of the remnant liver are minimal (Couanet
et al. 1984).

After wedge-resection, a peripheral capsular
retraction may be seen at the site of the resection.
Surgeons may use or not metallic clips (Couanet et al.
1984) (Fig. 4).

Some findings are common to all liver resections:
presence of air or fluid collection may be depicted in
the early postoperative course up to two months;
hypoattenuating linear band adjacent to the liver
resection is seen in 30-50% of the cases and corre-
sponds to bile or blood accumulation, fibrous infil-
tration, focal steatosis or devascularized parenchyma.
This abnormality disappears over time; fat-density
area related to epiploplasty can be seen next to the
liver. Last, pleural effusion is noticed in 50-80% of
the cases, in particular after right hepatectomy
(Letourneau et al. 1988; Quinn et al. 1988).

1.5 Early Complications

The most common complications encountered after
liver resection are liver insufficiency, fluid collections
and vascular complications. Diagnosis of liver insuf-
ficiency is based on clinical and biological findings

Fig. 4 Contrast-enhanced CT after wedge-resection: a periph-
eral capsular retraction is seen at the site of the resection. Note
the presence of metallic clips and of a small amount of fluid in
the resection site

such as ascites and abnormal blood liver tests.
Imaging in this setting is performed to exclude any
other complication.

Conversely, imaging plays a major role in detect-
ing the other early complications. Imaging is indi-
cated in early postoperative course in patients who
present with fever, abdominal pain, jaundice or sus-
picion of bleeding. Doppler ultrasound is the first step
in intensive care unit because it is easily performed at
bedside. Multiphasic CT is more accurate than
Doppler ultrasound for showing active bleeding,
hematoma and abscess. Indeed, CT protocol includes
unenhanced and contrast-enhanced acquisitions with
one obtained at the arterial-dominant phase and the
other at the portal venous-phase.

1.5.1 Fluid Collections

Fluid collections are mostly due to vessel or bile leaks
along the liver section. If they do not stop, they may
lead to large fluid collections that can be either hema-
toma, biloma or mixed (Fig. 5). Detection of fluid
collections is easy on imaging, but conversely fluid
characterization is often difficult. Findings suggestive
of hematoma are heterogeneous collections containing
septa and hyperattenuating fluid collections on unen-
hanced CT scan. Bilomas are typically more homoge-
neous. Presence of a peripheral hyperenhancing rim or
large amount of air should raise the possibility of
abscesses. Ponction aspiration is indicated if the
fluid collection is poorly tolerated. Drainage of the
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Fig. 5 Contrast-enhanced CT after left hepatectomy. Presence
of a fluid collection. On CT the collection appears hypoattenu-
ating and heterogeneous with gas formation on the section plane

collection will be performed in abscesses or bilomas
(Letourneau et al. 1988). In bilomas, MR imaging
could be helpful to look for biliary confluence abnor-
mality that could require biliary drainage.

1.5.2 Vascular Complications

Liver surgery increases the risk of portal vein throm-
bosis and Budd-Chiari syndrome. Portal vein throm-
bosis appears as an echogenic vessel with absence of
flow on Doppler ultrasound. Contrast-enhanced CT
shows lack of enhancement of the obstructed vessel.
Budd-Chiari syndrome is mostly observed after right
hepatectomy. As the remnant liver is displaced to the
right, middle or left hepatic veins may be compressed or
have kinking appearance (Pitre et al. 1992) (Fig. 6).
Postoperative Budd-chiari syndrome is suspected by
persistent blood liver tests abnormalities and ascites.
Doppler ultrasound is the modality of choice for diag-
nosing hepatic venous abnormalities and demonstrates
flow demodulation in the remnant hepatic veins as well
as decreased portal vein flow velocity. Incidence of
pulmonary embolism is known to be increased after
general abdominal surgery, reported from 1% to 5%
(Geerts et al. 2004). In our experience, the risk of
pulmonary embolism after liver surgery has an incidence
of 2.4% (personal data). Three factors were strongly
associated with this risk in multivariate analysis: BMI
of 27 kg/m?, patients with benign liver disease, and
resections performed on liver with a fibrosis score no
more than F2 (healthy liver parenchyma).

after

Fig. 6 Contrast-enhanced CT right hepatectomy:
Postoperative Budd-Chiari syndrome. a axial view at the portal
venous-phase; note the left liver congestion because of
compromise of hepatic venous outflow. b coronal MIP view
at the portal venous-phase; note the stenosis of the distal part of
the left hepatic vein

1.6 Late Complications

Late complications are mostly related to tumor
recurrence in patients with liver malignancies. Diag-
nosis of recurrence is based on clinical, biological and
imaging findings. If the diagnosis remains difficult
after extensive imaging work-up, biopsy of the lesion
is indicated (Letourneau et al. 1988; Abir et al. 2006).

2 Postoperative Bile Ducts

For years, postoperative imaging of the bile ducts was
invasive. It is nowadays primarily based on non-
invasive imaging modalities and invasive approach
shoud be restricted to interventional procedures.
Knowledge of normal postoperative findings is
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mandatory to avoid misdiagnosis. The choice of one
imaging modality is guided by symptoms, patient
disease and surgical procedure (Laurent et al. 2009).
Ultrasound has been considered as a key imaging for
bile ducts diseases but appears insufficient in post-
operative context. CT has three main advantages:
first, CT allows complete overview of the abdomen;
second, vessel analysis is excellent; third, CT easily
depicts pneumobilia. CT technique includes multi-
phasic contrast-enhanced acquisitions performed in
the late arterial, portal venous and delayed phases.
Contrast-enhanced images should provide details on
the liver vasculature. Delayed phase imaging is
interesting when looking for wall enhancement of the
bile ducts or bilioenteric anastomosis (Laurent et al.
2009). When active bleeding is suspected, it is
recommended to perform an early arterial phase.

MR cholangiography is used without any contrast
agent administration. 2D and 3D acquisitions are
complementary tools. MR cholangiography is also
accurate when bile ducts are not dilated. In patients
with bile ducts stenosis, both downstream and
upstream bile ducts can be seen. MR imaging can also
be performed after intravenous administration of
hepatospecific contrast agents such as Gadoxetic acid
(Primovist, Bayer). One of the leading indications of
contrast-enhanced MR cholangiography is the diag-
nosis of biliary leaks (Laurent et al. 2009).

Surgical procedures of the bile ducts are various
from simple cholecystectomy to complex treatment of
the extrahepatic or hilar tumors. Normal postoperative
imaging findings and complications depend upon the
surgical procedure

2.1 Cholecystectomy

Cholecystectomy is one of the most common opera-
tions in general surgery. Cholecystectomy was first
performed in 1882 and has traditionally been done
by the conventional open technique. Laparoscopic
cholecystectomy was developed in the 80ties and has
become the surgical procedure of choice, now being
employed in over 80% of cases. The advantages of
laparoscopic over open cholecystectomy include a
significant reduction in hospitalization time and
recovery period, less pain and minimal scarring.
Overall postoperative complications rates for laparo-
scopic approach are comparable to those for open

cholecystectomy, although there is a slightly higher
incidence of biliary injury with laparoscopic approach
(Walker 2008).

Cholecystectomy is mostly performed for acute or
chronic calculous diseases and their complications.
Other indications include gallbladder polyps and
porcelain gallbladder. This surgical procedure
includes a gallbladder dissection from the liver and
dissection of the cystic artery and cystic duct toward
the porta hepatis. Cystic artery, veins and cystic duct
are then ligated. Last the gallbladder bed and porta
hepatis are checked for haemostasis and bile leaks.

2.1.1 Normal Postoperative Findings
Imaging is not indicated in asymptomatic patients.
On early ultrasound or CT, it is usual to observe a
small fluid collection in the gallbladder bed that could
mimic the gallbladder itself “pseudogallbladder
sign”. Free fluid effusion may be seen as well. These
findings disappear in less than two weeks (Thurley
and Dhingsa 2008). Such fluid may result from
interruption of accessory cystohepatic ducts, which
are persistent embryological remnants between the
liver and the gallbladder. Pneumoperitoneum is also
common and can be observed up to 3 weeks (Gayer
et al. 2000). However, after laparoscopic cholecys-
tectomy, pneumoperitoneum disappears more quickly
and should not be seen after day 2 (Feingold et al.
2003). Similarly, increased density in the abdominal
wall fat at the site of the laparoscopic ports is also
often present after laparoscopic cholecystectomy
(Thurley and Dhingsa 2008). Another potential pitfall
is the use of hemostatic agents in the gallbladder bed.
Surgicel is a bio absorbable hemostatic agent with
bactericidal properties that is used in laparoscopic
cholecystectomy and other surgical procedures to
control hemorrhage. When imaging is performed on
postoperative patients, the appearances of Surgicel
can mimic those of hematoma that is a mass of 40-55
HU containing foci of air (Laurent et al. 2009).

Lately, the gallbladder bed appears empty and may
have surgical clips (Fig. 7).

2.1.2 Complications

The reported overall complication rate after chole-
cystectomy ranges from 4.5 to 21% (Gilliland and
Traverso 1990). Early complications are mostly fluid
collections and hemorrhage whereas late complica-
tions are essentially of biliary origin.
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Fig. 7 Contrast-enhanced CT after cholecystectomy: normal
appearance. Axial view (a) and coronal view (b). Note the
metallic clips on the right side of the hepatoduodenal ligament
(cystic duct and cystic artery ligation)

2.1.2.1 Early Complications

Fluid collections are equivocal and are considered
abnormal if they extend beyond the gallbladder bed.
Presence of free fluid effusion should raise the pos-
sibility of biliary leak and therefore be related to
intraoperative bile duct injury, yet fortunately most
fluid collections are not bilomas. Most of them are
seromas. Free fluid may also be due to clinical
decompensation of chronic liver disease (McAlister
2000).

Imaging findings are nonspecific. Among imaging
modalities, CT should be performed widely when a
fluid collection is suspected clinically because CT is
more sensitive than ultrasound and a normal ultra-
sound does not rule out fluid collections in particular
when conditions are difficult. (Lee et al. 2000). The
diagnosis is made by biochemical analysis of the fluid
including bilirubin and amylase after ultrasound-

guided ponction of the collection. The ponction is
completed by a drainage in infected collections or in
patients with bilomas (Sibert 2010).

Hemorrhagic complications are rare. A review of
14,243 laparoscopic procedures showed a rate of
hemorrhage of 4.1%, with bleeding rates of 2.3%
intraoperatively and 1.8% postoperatively (Schiffer
et al. 2000). They are related to direct trocar injury or
insufficient hemostasis. They might appear as hema-
tomas which predominate in the abdominal wall or in
the gallbladder bed. On imaging, hematomas are
usually heterogeneous and have characteristic pat-
terns: hyperechoic on ultrasound and areas of higher
attenuation on unenhanced CT phase. In some
patients, the bleeding is clinically severe and multi-
phasic CT is required in emergency looking for active
bleeding or pseudoaneurism (Fig. 8). These arterial
complications usually occur in the right hepatic artery
or the cystic artery stump and may result from thermal
or mechanical injury of these arteries, which are
occasionally associated with bile duct injury (Thurley
and Dhingsa 2008; Lohan et al. 2005). If present,
selective embolization of the artery should be per-
formed (Kim et al. 2008).

2.1.2.2 Biliary Complications

Biliary complications are more common after lapa-
roscopic than after open cholecystectomy. They
should be suspected when patients are referred with
symptoms of abdominal pain, sepsis, or jaundice soon
after cholecystectomy (Lohan et al. 2005).

Bile leakage is the most common complication of
laparoscopic cholecystectomy. Most leaks occur from
the cystic duct stump or from the gallbladder bed.
Bile leaks at the cystic duct may occur when clips on
the cystic duct remnant become dislodged or do not
encompass the entire duct. Leaks from the gallbladder
bed are observed when small accessory right hepatic
ducts or ducts of Luschka, which connect the gall-
bladder directly to the right lobe of the liver are
injured (Laurent et al. 2009; Hoeffel et al. 2006).
These bile leaks can nearly always be treated
successfully with endoscopic sphincterotomy.

Other bile leaks are due to inadvertent ligation of
an aberrant right hepatic duct or common bile duct
injury which varies from a tear in the common bile
duct to complete section of the common bile duct
(Hoeffel et al. 2006). More rarely, the ductal conflu-
ence, the right hepatic duct and the left hepatic duct
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Fig. 8 CT scan after laparoscopic cholecystectomy. a areas of higher attenuation on unenhanced CT in the gallbladder bed. b CT
during the arterial phase demonstrating a pseudoaneurism of the cystic artery

may be involved. Indeed, treatment will be different.
As most tears are partial and may be treated with
endoscopic stent placement, treatment of complete
section of the common bile duct often requires sur-
gery (Fig. 9).

Clinically, bile leaks usually present with shoulder
pain, abdominal pain, leukocytosis and fever with
mildly elevated bilirubin and transaminase levels, or
bilious drainage from a drain, if present. In bile leaks,
CT can show fluid collections but identification of the
biliary origin and the precise site is often difficult.
Bile collections are usually close to the site of the
leak, and the presence of free fluid on the right side
of the abdomen, with or without a fluid collection
adjacent to the injured bile duct, should be considered
suggestive of bile leakage. When bile leakage is rapid
and is not contained by peritoneal adhesions, the bile
spreads in the peritoneum “Bile peritonitis” and can
be a cause of postoperative mortality. MR cholangi-
ography is mandatory but may fail to demonstrate
biliary communication. Contrast-enhanced MR chol-
angiography can be very helpful for the diagnosis of
biliary leaks (Vitellas et al. 2001). In some countries,
hepatobiliary scintigraphy is part of the workup.
Endoscopic retrograde cholangiography and/or per-
cutaneous transhepatic cholangiography are often
necessary for the staging and treatment planning.

Biliary complications may be revealed lately. Late
strictures of extrahepatic ducts are often due to mild

injury which results in fibrosis months or years after
cholecystectomy. Clinical findings vary from abnor-
mal blood liver tests to obstructive jaundice. CT
shows dilatation of intrahepatic bile ducts (defined as
a diameter of more than 3 mm) with stenosis of the
common bile duct. It is interesting to note that the
stenosis often extends to the primary biliary conflu-
ence. MR cholangiography is needed for accurate
diagnosis and staging according to the Bismuth clas-
sification system. This system relates to the level of
the stricture. Bismuth type I is a stricture in the
common duct >2 cm from the hepatic bifurcation, a
type II is a stricture in the common hepatic
duct <2 cm from the bifurcation, a type III is at the
bifurcation, a type IV is above the bifurcation of the
right and left hepatic ducts and a type V is a stricture
of a right sectorial duct that comes off the common
hepatic duct before the main hepatic duct bifurcation.
This classification has proven useful in determining
the difficulty of the reconstruction and comparing
surgical results. CT has an additional role in identi-
fying vascular complications (Fig. 10); the most
common being portal vein thrombosis and thrombosis
of the right hepatic artery (Alves et al. 2003). Arterial
supply is then provided by the left hepatic artery at
the hilum.

Some patients may suffer from complications
associated with the long cystic duct remnant such as
stasis and stones that tend to re-form.
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Fig. 9 a contrast-enhanced CT scan (coronal plane): pneumo-
bilia post ERCP; note the metallic clip postcholecystectomy
just below the primary biliary confluence, responsible for the
stenosis. b MR cholangiography: Complete stenosis of the
common bile duct below the primary biliary confluence which
occured lately after a postcholecystectomy bile duct leak

Retained stones are another cause of biliary
obstruction. They may be identified on CT if the
stones are of a differing density from bile. If CT is
equivocal, MRCP is indicated and can show stones as
small as 2 mm in the biliary tree (Laurent et al. 2009).

Dropped gallstones occur commonly during lapa-
roscopic cholecystectomy, with a reported incidence
of 0.1-20% (Brockmann et al. 2002). Fortunately,
most of these stones do not cause symptoms, yet the
most common complication is abscess formation
which can occur after a period of months to years
after the laparoscopic cholecystectomy, making
diagnosis challenging. Spilled gallstones are mostly
seen in the subdiaphragmatic or subhepatic spaces but
they may occur anywhere in the peritoneal cavity.

Fig. 10 CT scan postcholecystectomy obtained during arterial
phase. Inadvertent ligation of the right hepatic during chole-
cystectomy which has not been diagnosed intraoperatively.
Axial (a) and coronal CT images (b) show arterial supply
provided by the left hepatic artery to the intrahepatic right
hepatic arteries

If they are calcified, gallstones may also be visible on
CT as hyperattenuating areas. Abscess formation has
also been described in the abdominal wall (Fig. 11).
The diagnosis of abscess formation complicating
dropped gallstones should be raised when a central or
eccentric nidus with calcific or metallic density is
observed on CT (Morrin et al. 2000).

2.1.2.3 Other Complications
Several less common complications of cholecystec-
tomy have been reported that may be diagnosed on
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Fig. 11 Contrast-enhanced CT scan 4 years after cholecystec-
tomy: Calcified dropped gallstones in the perihepatic space,
with abscess formation

imaging. Indeed, laparoscopic cholecystecomy favors
the incidence of port site hernia. Although hernias
can be clinically suspected, the diagnosis can be
confirmed using CT. Diaphragmatic hernias are less
common and CT is helpful by depicting a defect in
the diaphragm or herniation of peritoneal fat into the
chest (Thurley and Dhingsa 2008). Other complica-
tions are very unusual such as portal vein thrombosis,
splenic rupture, intestinal ischemia and delayed bowel
perforation due to thermal injury after laparoscopic
cholecystectomy.

2.2 Other Surgical Techniques

of the Biliary Tree

In this section, we will only consider the most com-
mon surgical techniques for the biliary tree (Clavien
et al. 2007). Simple choledochotomy and sphincter-
otomy will not be covered.

2.2.1 Resection of Gallbladder Cancer

The extent of resection of gallbladder cancer varies
according to stage. Patients with N2 or M1 are not
eligible to curative surgery but may have palliation by
biliary or gastric bypass. The curative resection
includes a radical cholecystectomy (including seg-
ments 4b and 5) and lymph node dissection (Fig. 12).
An extended lobectomy can be necessary because of
the bulk of the tumor or because of vascular invasion.

Fig. 12 Contrast-enhanced CT scan after surgery for gallblad-
der cancer. Normal appearance showing resection of the
gallbladder and the segments 4 and 5. Filling of the gallbladder
bed by small bowel

With gallbladder cancer, when an extended resection
is necessary, it is usually an extended right lobec-
tomy. The resection of the common duct is usually
performed and allows dissection and inspection of the
portal vein and hepatic arteries behind the tumor and
in the hilar area. A Roux-en-Y jejunal loop is lifted
and anastomosed to the left and right hepatic ducts.
Portal vein can be reconstructed when the portal vein
is encased or to facilitate the resection (Fong et al.
2006).

2.2.2 Resection of Bile Duct
Resection of tumors at the bifurcation of the left
and right hepatic duct is one of the most difficult
operations. The surgical procedure requires not only a
portal lymphadenectomy and bile duct resection, but
almost always a liver resection. This surgical procedure
is indicated in primary malignancies (intrahepatic
cholangiocarcinoma involving the hepatic hilus, hilar
cholangiocarcinoma, gallbladder carcinoma involving
the hepatic hilus, or diffuse carcinoma of the extrahe-
patic bile duct), benign diseases (such as primary
sclerosing cholangitis, inflammatory pseudotumor) or
traumatic lesion at the hepatic hilus.

The goals of this operation are threefold: resection
of the primary tumor (including removal of the entire
supraduodenal bile duct, gallbladder, cystic duct and



112

M. Zappa et al.

extrahepatic hepatic ducts), resection of the lymphatic
drainage of the liver and reestablishment of biliary
continuity. The distal bile duct is dissected down
to the head of the pancreas and divided above the
pancreas. Roux-en-Y jejunal loop is lifted and anas-
tomosed to the remnant hepatic ducts.

Concomitant hepatectomy including caudate
lobectomy is often necessary to achieve negative
margins. In most patients, there is intrahepatic
extension of the tumor, and right or left portal vein
involvement. In these cases, en bloc liver resection,
often with caudate lobectomy, is necessary to achieve
tumor clearance (Igami et al. 2010).

2.2.3 Resection of Mid Bile Duct

True mid bile duct tumors are very rare. Indications
for this surgical procedure are biliary strictures
without confirmed malignancy, diagnosis of sus-
pected benign disease or confirmed malignant disease
confined to mid common bile duct in patients unfit for
more extensive resection (pancreaticoduodenectomy
or liver resection). Roux-en-Y hepaticojejunostomy
has the best success rate (80-99%) for the repair of an
injury of the common duct or common hepatic duct
(Clavien et al. 2007).

The gallbladder is dissected free from its liver bed.
The distal common bile is ligated above the superior
edge of the pancreas. The proximal duct is transected at
the confluence of the right and left hepatic ducts. The
biliary-enteric continuity is restored with a Roux-en-Y
hepaticojejunostomy. This procedure requires the
preparation of a segment of the gastro-intestinal tract
and a direct end-to-side mucosa to mucosa anastomosis
between the bile duct and the bowel. The blind end of
the jejunal loop is closed and kept in the abdominal
cavity. In some cases and especially when patients have
extensive calculi formation within the common bile
duct or within intrahepatic bile ducts, the blind end is
kept long and brought to abdominal wall and can be
further used as an avenue for subsequent interventional
maneuvres (Clavien et al. 2007).

2.2.4 Normal Postoperative Findings

Imaging is not indicated in asymptomatic patients
with no or minimal liver resection. On CT, it is
usual to observe pneumobilia in the non dependent
liver segments (Fig. 13). It may not be easy to iden-
tify the jejunal loop. Multiplanar reconstructions
that can follow extrahepatic bile ducts joining the

Fig. 13 Contrast-enhanced CT scan after biliary-enteric anas-
tomosis demonstrating pneumobilia in the left bile ducts
(arrow)

biliary-enteric anastomosis are helpful. Some teams
have proposed CT using biliary contrast medium in
order to improve visibility of the jejunal loops
(Stumpp et al. 2005). Analysis should also look at
the remnant common bile duct in the head of the
pancreas. Associated liver resection is detailed above
(see Sect. 1.3). Extensive lymph node dissection may
cause densification of the porta hepatis.

2.2.5 Early Complications
Early complications are mostly biliary or enteric leaks
or hemorrhage. As in other postoperative settings, CT
is accurate in diagnosing fluid collections but precise
diagnosis often requires direct ponction. In patients
with liver resection, fluid collections may come
from resection site or from bilioenteric anastomosis.
In patients with extensive lymph node resection,
lymphocele may occur. They predominate in the hep-
atoduodenal ligament and around the pancreatic head.
They usually do not require any treatment. Presence
of spontaneous hyperattenuating collection on unen-
hanced CT is synonymous of hematoma and multi-
phasic CT is indicated for excluding acute bleeding.

Patients with extensive liver resection may have
liver insufficiency (see Sect. 1.3). Notably, liver
parenchyma is often abnormal in those patients either
cholestatic or fibrotic explaining that liver regenera-
tion might be altered (Hirano et al. 2010).

Portal vein thrombosis is a rare complication
which can be favored by extensive dissection of
the portal hepatis and/or portal vein reconstruction.
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Color Doppler ultrasound and multiphasic examina-
tion are the modalities of choice for diagnosing this
complication which requires prompt anticoagulation.

2.2.6 Late Complications

The most typical complications are secondary cholan-
gitis. Although biliary-enteric patency should be
checked, cholangitis may be observed without any
stenosis due to reflux, or dysfunction. Imaging is dif-
ficult because bile duct dilatation may be absent even in
patients with stenosis. Furthermore, pneumobilia may
still be seen in patients with stenosis. Beside the biliary
dilatation, CT plays an important role in assessing
changes in liver morphology and searching vascular
complications. It also may show complications such as
marked enhancement of the bile duct wall on enhanced
CT images, abscess formation within the liver, and
upstream bile duct calculi (Sibert 2010).

Late complications in patients with history of
gallbladder or bile duct cancer are dominated by
recurrence which is commonly seen close to the sur-
gical resection (Kitagawa et al. 2001).

Sump syndrome in an uncommon (0.14-1.30%)
complication of side-to-side choledochoduode-
nostomy (Hawes et al. 1992). The segment of common
bile duct between the anastomosis and the ampulla of
Vater may act as a stagnant reservoir or sump. When
debris, stones or infected bile accumulate in the sump,
usually because of malfunction of the ampulla of Vater,
recurrent abdominal pain or symptoms of cholangitis,
pancreatitis or biliary obstruction may develop.
Although, very rare, sump syndrome has also been
described after hepaticojejunostomy. CT may show
debris or stones in the common bile duct. Upstream
dilated bile or pancreatic ducts may be seen. Compli-
cations of sump syndrome are pancreatitis, cholangitis
and liver abscess. Endoscopic treatment is the primary
therapeutic approach in those patients.
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