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To Our Patients






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

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

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

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

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

Munich, Germany Maximilian F. Reiser
March 2016
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It has been more than a decade since the first edition of this tome — and what
an amazing 12 years it has been for a spectacular medical imaging modality
and those who harness its power! Not only is CT not dead, as it was quite
ubiquitously predicted and accepted at the eve of the last millennium, but
rather it has piled triumph upon roaring triumph in our conquest of disease.
And hardly any other area of CT imaging has seen more dramatic evolution,
more spectacular victories, or more profound disruption than the evaluation
of the cardiothoracic system. The scourges of the past were utterly and effec-
tively vanquished: Pulmonary embolism has found its match, eradicating the
diagnostic uncertainties from days past. Heart disease is increasingly tackled
by the new, imposing kid on the block — cardiac CT. Doubts over the effec-
tiveness of CT lung cancer screening have all but disappeared and this test is
shaping up as a powerful weapon in our war on cancer. And the list goes on...

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

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

Charleston, South Carolina, USA U. Joseph Schoepf
Munich, Germany Felix G. Meinel
March 2016
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MDCT - Technical Background,
Radiation Protection



Thomas G. Flohr and Bernhard Schmidt

Abstract

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

1 Introduction

The advent of spiral computed tomography (CT)
in 1990 and the broad introduction of multi-
detector row computed tomography (MDCT) in
1998 were significant steps in the ongoing refine-
ment of CT-imaging techniques of the thorax.
With the first generation of 4-slice CT sys-
tems, high-resolution imaging of the entire thorax
within one breath-hold of the patient became fea-
sible, and CT was quickly recognized as the gold
standard for the diagnosis of pulmonary embo-
lism up to the level of sub-segmental arteries
(Schoepf et al. 2002; Remy-Jardin et al. 2002).
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Siemens Healthcare GmbH, Computed Tomography,
CT Concepts Department, Forchheim, Germany

Department of Interventional Radiology,
Eberhard-Karls-University, Tiibingen, Germany
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ECG-synchronized data acquisition (Ohnesorge
et al. 2000), which proved to be sufficient for ade-
quate visualization of the coronary arteries at low
to moderate heart rates (Achenbach et al. 2000;
Becker et al. 2000; Knez et al. 2001; Nieman
et al. 2001), could unfortunately not be extended
to the entire thorax because of slow scan speed.
The generation of 16-slice MDCT systems
(Flohr et al. 2002a, b) provided simultaneous
acquisition of 16 submillimeter slices and faster
gantry rotation with rotation times down to
0.375 s. CT scans of the entire thorax with sub-
millimeter spatial resolution were now possible in
about 10 s. As a consequence, central and periph-
eral pulmonary embolism could be reliably and
accurately diagnosed even in dyspneic patients
with limited ability to cooperate (Remy-Jardin
et al. 2002; Schoepf et al. 2003). The combined
assessment of pulmonary embolism and deep
venous thrombosis, first demonstrated in 2001
(Schoepf et al. 2001), entered clinical routine.
The faster scan speed of ECG-gated cardiac scan-
ning with 16 slices enabled motion-free visualiza-

U.J. Schoepf, F.G. Meinel (eds.), Multidetector-Row CT of the Thorax, Medical Radiology,
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tion of the lung and the cardiothoracic vessels as
well as cardiac functional evaluation in one scan,
even though detailed visualization of the coro-
nary arteries was still limited (Coche et al. 2005).

Sixty-four-slice CT systems, available since
2004, enabled CT imaging of the thorax with isotro-
pic submillimeter spatial resolution in less than 5 s
scan time. This facilitated the examination of unco-
operative patients and emergency patients, e.g.,
with suspicion of acute pulmonary embolism. The
improved temporal resolution due to gantry rotation
times down to 0.33 s increased the clinical robust-
ness of ECG-gated scanning at higher heart rates,
even though most authors still proposed the admin-
istration of beta-blockers (Leber et al. 2005; Raff
et al. 2005). Sixty-four-slice CT scanners enabled
comprehensive diagnosis of morphology and car-
diac function within one integrated CT examina-
tion, including high-resolution imaging of the
coronary arteries (Salem et al. 2006; Bruzzi et al.
20064, b; Delhaye et al. 2007). ECG-gated 64-slice
CT was also used for rapid triage of patients with
acute chest pain in the emergency room and for
diagnosis of pulmonary embolism, aortic dissection
or aneurysm, or significant coronary artery disease
in one scan. This application is often referred to as
“triple rule out” (Schoepf 2007; Johnson et al.
2007a). As a downside, ECG-gated MDCT scan-
ning of the entire thorax can result in considerable
radiation exposure, which is of particular concern in
patients with low likelihood of disease.

Even with 64-slice CT, motion artifacts
remained an important challenge for cardiotho-
racic imaging. In 2005, a dual-source CT (DSCT)
system, i.e., a CT system with two x-ray tubes and
two corresponding detectors offset by 90°, was
introduced (Flohr et al. 2006). It provided
improved temporal resolution of 83 ms indepen-
dent of the patient’s heart rate as compared to
165-190 ms with MDCT systems at that time.
DSCT scanners proved to be well suited for inte-
grated cardiothoracic examinations even in acutely
ill patients and for the triage of patients with acute
chest pain (Johnson et al. 2007b). The introduction
of dual-energy scanning with DSCT enabled tis-
sue characterization and provided combined func-
tional and morphological information, e.g., to
depict local perfusion deficits in the lung paren-
chyma in patients with pulmonary embolism
(Pontana et al. 2008; Thieme et al. 2008).

T.G. Flohr and B. Schmidt

The second and third generations (introduced in
2009 and 2013, respectively) of DSCT systems
offer high-pitch scan modes which enable high-
resolution CT scans of the entire thorax in less than
1 s scan time with an acquisition time per image
better than 100 ms (Lell et al. 2009; Tacelli et al.
2010). These scan modes are potentially advanta-
geous for evaluating the lung parenchyma and vas-
cular structures in patients who have difficulty
complying with breath-holding instructions (Schulz
et al. 2012). High-pitch scan modes have been used
for fast CTA scans of the aorta (Beeres et al. 2012).
Combined with ECG triggering, they provide ade-
quate visualization of the coronary arteries, the
aorta, and the iliac arteries in one scan at low radia-
tion dose, which is beneficial in the planning of
transcatheter aortic valve replacement (TAVR) pro-
cedures (Wuest et al. 2012; Plank et al. 2012).

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

Yet another challenge for CT is the visualiza-
tion of dynamic processes in extended anatomical
ranges, e.g., to characterize the inflow and outflow
of contrast agent in the arterial and venous systems
in dynamic CT angiographies or to determine the
enhancement characteristics of the contrast agent
in volume perfusion studies. One way to address
this problem is the introduction of area detectors
large enough to cover organs such as the heart, the
kidneys, or the brain in one axial scan. Meanwhile,
two vendors have introduced CT scanners with
16 cm detector coverage at isocenter, providing
320x0.5 mm collimation at 0.27 s rotation time or
256x0.625 mm collimation at 0.28 s rotation
time. These scanners have the potential to acquire
dynamic volume data by repeatedly scanning the
same anatomical range without table movement
(e.g., Ohno et al. 2011; Willems et al. 2012;
Motosugi et al. 2012). An alternative to provide
time-resolved CT data of larger anatomical vol-
umes is a periodic shuttle movement of the patient
table while scan data are acquired (e.g., Goetti
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et al. 2012; Morhard et al. 2010; Sommer et al.
2010, 2012). This technique is realized in several
CT systems with smaller detector z-coverage.

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

2 CT System Technology

Multi-Detector Row CT
(MDCT)

2.1

In this section, we review the basics of CT system
design, scan, and image reconstruction techniques,
as well as scan protocols for imaging of the thorax
with multi-detector row CT (MDCT) systems. In
our terminology, these are CT systems with 2—128
detector rows and a detector z-coverage of up to
8 cm at isocenter. CT systems with wider detectors
(e.g., 320x0.5 mm or 256x0.625 mm, both cov-
ering 16 cm) and dual-source CT (DSCT) systems
will be discussed in a separate section because of
their different clinical protocols.

E— fE———

x-ray tube

- @) g
.&_ =) High voltage generator

¥ Control
systems

&

Fig. 1 Basic system components of a modern MDCT
system. The x-ray fan beam is indicated in red; it covers a
SFOV of typically 50 cm in diameter. The data measure-
ment system consists of detector and detector electronics

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

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

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

Key requirements for a detector material are
good detection efficiency, i e., high atomic num-
ber, and very short afterglow time to enable fast
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readout at the high gantry rotation speeds that are
essential for cardiothoracic CT.

The image noise in a CT image is caused by
the quantum noise of the x-ray photons and the
electronic noise of the detection system. In high-
dose scanning situations, the image noise is dom-
inated by quantum noise. Electronic noise
significantly contributes to the image noise when
bigger patients are scanned or in examinations at
low radiation dose, e.g., in low-dose thorax scans.
In addition, electronic noise degrades image
quality and the stability of CT values. Recently, a
detector with integrated electronics was commer-
cially  introduced (STELLAR, Siemens
Healthcare, Forchheim, Germany), with the goal
to reduce electronic noise and detector cross talk.
In this design, photodiodes and analog-to-digital

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

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

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

a consequence, electronic noise and cross talk are reduced.
Bottom: Image quality improvement in a 40 cm phantom
with an integrated detector (right) as compared to a con-
ventional detector (leff). Scan parameters: 80 kV, 100 mAs



CT Technology for Imaging the Thorax: State of the Art

at different collimated slice widths. The total
beam width in the z-direction is adjusted by pre-
patient collimation, and the signals of every two
(or more) detectors along the z-axis are electron-
ically combined to thicker slices.

The detector of a 16-slice CT (Siemens
SOMATOM Emotion 16) as an example com-
prises 16 central rows, each with 0.6 mm colli-
mated slice width, and four outer rows on either
side, each with 1.2 mm collimated slice width —
in total, 24 rows with a z-width of 19.2 mm at
isocenter (Fig. 3). By adjusting the x-ray beam
width such that only the central detector rows are
illuminated, the system provides 16 collimated
0.6 mm slices (Fig. 3, top). By illuminating the
entire detector, reading out all rows, and electron-
ically combining the signals of every two central
rows, the system provides 16 collimated 1.2 mm
slices (Fig. 3, bottom). The 16-slice detectors of
other manufacturers are similarly designed, with
slightly different collimated slice widths (0.5,
0.6, or 0.625 mm, depending on the
manufacturer).

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

/’\ x-ray focus

— =

a Mﬁ/*\;Lf :

Ne—=__/16x0.6m

pre-patient collimator
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detector

Fig. 3 Example of a 16-slice detector, which consists of
24 detector rows and provides either 16 collimated 0.6 mm
slices (top) or — by combination of the signals of every two
central rows — 16 collimated 1.2 mm slices (bottom)

or 1.25 mm slices by electronic combination of
every two detector rows. One CT system has a
detector with 128 collimated 0.625 mm slices
(total z-width 8 cm at isocenter). The widest
commercially available CT detectors cover 16 cm
at isocenter; they acquire 320 collimated 0.5 mm
slices (Aquilion ONE, Toshiba Medical, Japan)
or 256 collimated 0.625 mm slices (Revolution,
GE Healthcare, USA).

All modern MDCT scanners enable recon-
struction of images with different slice widths
from the same raw data — typically, the scan data
are acquired at submillimeter collimation (e.g.,
64x0.6 mm, or 64x0.625 mm), and different
sets of image data are reconstructed with differ-
ent target slice widths according to the clinical
needs (e.g., 3 or 5 mm for initial viewing and
additional submillimeter slices or 1 mm slices for
post-processing).

Some CT systems double the number of simul-
taneously acquired slices by using special “conju-
gate” interpolation schemes during image
reconstruction or by means of a z-flying focal spot
(Flohr et al. 2004, 2005). The focal spot in the
x-ray tube is periodically moved between two
z-positions on the anode plate by electromagnetic
deflection. As a consequence, the measurement
rays of two readings are shifted by half a colli-
mated slice width at isocenter and can be inter-
leaved to one projection with double the number
of slices, but half the z-sampling distance (Fig. 4).
Two 64-slice readings with 0.6 mm slice width and
0.6 mm z-sampling distance, as an example, are
combined to one projection with 128 overlapping
0.6 mm slices at 0.3 mm z-sampling distance.

The z-flying focal spot provides improved
data sampling in the z-direction for better
through-plane resolution and reduced spiral
windmill artifacts (see Fig. 5).

2.1.2 MDCT Scan and Image
Reconstruction Techniques

With the advent of MDCT, axial “step-and-shoot”
scanning has remained in use for only few clini-
cal applications, such as ECG-triggered cardiac
scans at low radiation dose. For the vast majority
of all MDCT examinations, spiral (helical) scan-
ning is the method of choice.
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Fig. 4 Principle of a z-flying focal spot. Consecutive
readings are shifted by half a collimated slice width (at
isocenter) by means of a periodic motion of the focal spot

T.G. Flohr and B. Schmidt

Focal spot position 1

Reading 1

Through-plane direction
(z-direction)

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

Fig. 5 Reduction of spiral windmill artifacts in a 64-slice CT scan (leff) with the z-flying focal spot technique (right,
white arrow). The distance of the sternum from the isocenter is about 12 cm

An important parameter to characterize a spi-
ral scan is the pitch p. It is given by p=tablefeed
per rotation/total z-width of the collimated beam
at isocenter

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

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

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

Detector

Fig. 6 Geometry of a MDCT scanner demonstrating the
cone-angle problem: in the patient’s longitudinal direction
(z-direction), the measurement rays are tilted by the so-
called cone-angle ¢ with respect to a plane perpendicular
to the z-axis

detector is in the z-direction, i.e., the more detec-
tor rows it has, the larger is the cone angle of the
outer detector rows (Fig. 6).

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

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

2.1.3 Scan Protocols for MDCT

Imaging of the Thorax
CT imaging of the thorax benefits from MDCT
technology in several ways:

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

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

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

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

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

Fig. 7 Lung image acquired with a dual-source CT and
reconstructed at a temporal resolution of 140 ms (/eff) and
75 ms (right). Note the double contour of the left ventricu-
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It is interesting to note that the temporal resolu-
tion in a spiral scan, which is the basic scan mode
for MDCT scanning of the thorax, depends on the
pitch of the scan: the higher the pitch, the better the
temporal resolution. At a pitch of 1, a full rotation
of scan data typically contributes to an image.
Temporal resolution is therefore not better than the
gantry rotation time. The higher the pitch, the less
data contribute to image reconstruction, and the
temporal resolution approaches half the gantry
rotation time. On the other hand, even lower pitch
will lead to even worse temporal resolution: at a
pitch of 0.5, almost two rotations of scan data con-
tribute to an image. Therefore, to reduce motion
artifacts, it is mandatory to perform MDCT exami-
nations of the thorax at fast gantry rotation and
high pitch >1. Another option, in particular when
the heart and the coronary arteries are also targeted
in the planned examination, is the use of ECG-
gated scan protocols. As a downside, these proto-
cols result in longer scan times and increased
radiation dose to the patient. ECG-triggered high-
pitch scan protocols are a potential way out of this
dilemma — they will be discussed in Sect. 2.3.

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

Detector

An area detector is a CT detector wide enough in
the through-plane (z-axis) direction to cover
entire organs, such as the heart, the kidneys, or
the brain, in one axial scan without table move-
ment. Two commercially available CT systems
provide 16 cm detector coverage at isocenter,
either with a collimation of 320x0.5 mm and
0.27 s rotation time (Aquilion ONE, Toshiba
Medical Systems, Japan) or with 256 x0.625 mm
and 0.28 s rotation time (Revolution, GE
Healthcare, USA). The SFOV is cone shaped in
the z-axis direction (see Fig. 8).

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

detector

Fig.8 Schematic
illustration of axial CT
scanning with a CT
system with an area ]
detector wide enough
to cover entire organs
such as the heart. Two
commercially available
CT systems provide

16 cm z-coverage at
isocenter

n

In ECG-controlled cardiac CT imaging, an
image stack with an anatomical coverage corre-
sponding to the detector z-width is acquired in
each heartbeat. Typical MDCT detectors provide
a z-coverage of 40 mm (and recently up to
80 mm) at isocenter, so two to four of these image
stacks acquired in two to four consecutive
heartbeats have to be put together to a volume
image of the heart (Flohr et al. 2007). These
image stacks can be blurred or shifted relative to
each other as a consequence of insufficient tem-
poral resolution or variations of the heart motion
from one cardiac cycle to the next, resulting in
stair-step or banding artifacts. CT systems with
16 cm detector coverage avoid these artifacts,
because they can scan the entire heart in one axial
scan without table movement (Rybicki et al.
2008). As a downside, all images will be affected
in case of arrhythmia or ectopic beats during data
acquisition. Another challenge of larger detectors
is increased x-ray scatter. Scattered radiation may
cause hypodense cupping or streaking artifacts,
and the scatter-induced noise may reduce the
contrast-to noise-ratio (CNR) in the images
(Flohr et al. 2009a). Meanwhile, successful use
of CT systems with 16 cm detector coverage for
coronary CTA and other cardiac applications has
been demonstrated (Rybicki et al. 2008; Steigner
et al. 2009; Dewey et al. 2009). The application
spectrum has been extended to, e.g., scanning of
patients with atrial fibrillation (Kondo et al. 2013)
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and coronary CTA combined with the first-pass
perfusion evaluation (George et al. 2015; Sharma
et al. 2015). The second generation of 320-row
CT scanners has been shown to enable coronary
CTA at reduced radiation dose compared to the
first generation (Tomizawa et al. 2013; Chen
et al. 2013).

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

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

23 Dual-Source CT

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

The first generation of DSCT scanners with
2x64 slices and 0.33 s gantry rotation time was
introduced in 2006 (Somatom Definition,
Siemens Healthcare, Forchheim, Germany), the
second generation with 2 x 128 slices and 0.28 s
gantry rotation time in 2009 (Somatom Definition
Flash, Siemens Healthcare,  Forchheim,
Germany), and the third generation with 2x 192
slices and 0.25 s gantry rotation time in 2014
(Somatom Definition Force, Siemens Healthcare,
Forchheim, Germany).

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

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

the minimum needed for image reconstruction.
Due to the 90° angle between both x-ray tubes,
each of the measurement systems needs to
acquire only 90° of scan data. The two 90° seg-
ments at the same anatomical level are put
together to the 180° scan. Using this technique, a
temporal resolution of 83, 75, and 66 ms, respec-
tively, is achieved for the three generations of
DSCT systems. With the dual-source approach,
temporal resolution is independent of the patient’s
heart rate, because data from one cardiac cycle
only are used to reconstruct an image. This is a
major difference to single-source MDCT sys-
tems, which can provide similar temporal resolu-
tion by combining data from several heart cycles
to an image in a multi-segment reconstruction.
Then, however, temporal resolution strongly
depends on the relation of heart rate and gantry
rotation time. Meanwhile, several clinical studies
have demonstrated the potential of DSCT to reli-
ably perform coronary CT angiographic studies
in patients with high and even irregular heart
rates (e.g., Sun et al. 2011; Lee et al. 2012; Paul
et al. 2013). DSCT is sufficiently accurate to
diagnose clinically significant coronary artery
disease in some or all difficult to image patients
(Westwood et al. 2013). The good temporal reso-
lution is also beneficial to reduce motion artifacts
in cardiothoracic studies (e.g., Hutt et al. 2016).
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With a DSCT system, both x-ray tubes can be
operated at different kV settings, e.g., 80 and
140 kV, to acquire dual-energy CT data. The
advantages and disadvantages of different tech-
niques to acquire dual-energy CT data as well as
clinically relevant applications will be discussed
in Sect. 4.

While the maximum spiral pitch in single-
source CT images is limited to about 1.5 to ensure
gapless volume coverage, DSCT systems can be
operated at double the pitch. Data acquired with
the second measurement system, a quarter rota-
tion after the first measurement system can be
used to fill the sampling gaps up to a pitch of
about 3.2 in a limited SFOV that is covered by
both detectors (Petersilka et al. 2008; Flohr et al.
2009b). At maximum pitch, no redundant data
are acquired, and a quarter rotation of data per
measurement system is used for image recon-
struction. Temporal resolution is then a quarter of
the gantry rotation time. At decreasing pitch,
temporal resolution worsens because of the
increasing angular data segment that corresponds
to an image. At a pitch of 2, as an example, tem-
poral resolution is about 0.4 times the rotation
time — this is 100 ms with the third-generation
DSCT (Flohr et al. 2009b).
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With the high-pitch scan mode, very high scan
speed is achieved — up to 450 mm/s with the
second-generation DSCT (38.4 mm detector cov-
erage, 0.28 s gantry rotation time) and up to
737 mm/s with the third-generation DSCT
(57.6 mm detector coverage, 0.25 s gantry rota-
tion time). This is beneficial for the examination
of larger anatomical ranges in very short scan
times, e.g., for chest CTA at high temporal reso-
lution (Tacelli et al. 2010), for the evaluation of
pulmonary embolism and visualization of most
cardiac structures and proximal coronary arteries
(Hou et al. 2013), for fast CTA scans of the aorta
at low radiation and contrast doses (Apfaltrer
et al. 2012), or when the patient has limited abil-
ity to cooperate, such as in pediatric radiology
(Lell et al. 2011; Bridoux et al. 2015) (see
Fig. 10).

The high-pitch scan mode can also be used in
combination with ECG triggering — the patient’s
ECG triggers both table motion and data acquisi-
tion. The patient table is positioned, and table
acceleration is started in a way that the table
arrives at the prescribed start z-position (e.g., the
base or the apex of the heart) at the requested car-
diac phase after full table speed has been reached
(see Fig. 11). Then data acquisition begins.

Fig. 10 CT scans of a moving doll phantom simulating
motion of a child without sedation. (a) VRT of the phan-
tom scanned with a standard spiral (pitch 1, 0.33 s rotation
time) shows significant motion artifacts. (b) Using the
high-pitch spiral (pitch 3.2, 0.33 s rotation time) motion

artifacts are significantly reduced because of the very
short scan time and the good temporal resolution per
image (Courtesy of C. McCollough, Clinical Innovation
Center, Mayo Clinic Rochester, Mn, USA)
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Fig. 11 ECG-triggered
start of table movement
and data acquisition for
the high-pitch DSCT
spiral

60

Table speed

correct start phase

Start table acceleration

The scan data for images at adjacent z-positions
are acquired at slightly different phases of the
cardiac cycle. Meanwhile, several clinical studies
have demonstrated the successful use of the high-
pitch scan technique for coronary CT angiogra-
phy in patients with sufficiently low and stable
heart rate (<65 bpm with the second-generation
DSCT, <73-75 bpm with the third-generation
DSCT), 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,
Gordic et al. 2014a, Morsbach et al. 2014).

ECG-triggered high-pitch scans can be used
for comprehensive thorax examinations in the
emergency room and in the planning of TAVR
procedures, because they provide adequate visu-
alization of the coronary arteries, the aorta, and
the iliac arteries in one scan at low radiation dose.
The very short total scan time may potentially
allow for a reduction of the amount of contrast
agent (see, e.g., Wuest et al. 2012; Azzalini et al.
2014). Figure 12 shows an ECG-triggered high-
pitch CTA of the aorta as an example.

Despite their clinical benefits, DSCT sys-
tems have to cope with some challenges. One
challenge is the presence of cross-scattered
radiation, i.e., scattered radiation from x-ray
tube B detected by detector A and vice versa.
Cross-scattered radiation — if not corrected
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for — can result in image artifacts and degraded
CNR of the images (Petersilka et al. 2010).
Another challenge is the limited SFOV of the
second detector, which was increased from
25 cm in the first-generation DSCT to 35.5 cm
in the third-generation DSCT.

3 Radiation Dose Reduction

3.1 Low-kV Scanning

Most CT scans are performed with the use of
iodinated contrast agent. The x-ray attenuation of
iodine and as a consequence, its CT number in a
CT image increases with decreasing mean energy
of the x-ray beam, i.e., with the use of lower
x-ray tube voltages (kV) (see, e.g., McCollough
et al. 2009). This behavior is caused by the k-edge
of iodine at 33 keV. The x-ray attenuation of soft
tissue depends only very weakly on the x-ray
tube voltage. Therefore, the image contrast of tis-
sues and vessels that take up iodinated contrast
agent increases relative to other surrounding tis-
sues at lower x-ray tube voltage. If the same radi-
ation dose is applied to the patient when using
lower kV, the increased contrast of iodine in the
image translates into increased iodine contrast-
to-noise ratio (CNR) (see Fig. 13).
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Fig. 12 ECG-triggered high-pitch spiral scan of the aorta
and the iliac arteries in a patient with aortic dissection.
Scan parameters: 0.25 s rotation time, pitch 3.2, 90 kV,
DLP=177 mGy cm. Total scan time 0.8 s. Note the clear
visualization of the right coronary artery (Courtesy of
Klinikum GroBShadern, Munich, Germany)

The increased CNR at lower x-ray tube volt-
age may either be exploited to reduce the radia-
tion dose to the patient or to reduce the amount of
iodinated contrast agent.

Unfortunately, with decreasing x-ray tube
voltage, the tube current—time product mAs has
to be significantly increased to provide adequate
radiation dose in particular for larger patients.
Because of missing tube power reserves, low-kV
imaging has been mainly used for children and
small patients. Meanwhile, new technologies are
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Fig. 13 Iodine contrast-to-noise ratio (CNR) at equal
radiation dose (equal CTDI) as a function of the x-ray
tube voltage (kV) for phantoms representing the attenua-
tion of children, adults, and large adults, on a second-
generation DSCT. A small tube filled with diluted iodine
solution was placed at the center of the phantoms; the
iodine concentration was chosen to provide the typical
contrast of the aorta in a CT angiographic examination.
Note the increase of the CNR with decreasing x-ray tube
voltage

available that automatically adapt the x-ray tube
voltage to the size and shape of the patient and
the planned examination, taking into account the
tube power reserves of the respective CT system
(e.g., CAREKkYV, Siemens Healthcare, Forchheim,
Germany). According to Niemann et al. (2013),
automatic tube voltage selection reduced the
radiation dose delivered during chest CT angio-
grams by 38.5% compared to the standard
120 kV protocol while improving the CNR of the
examinations.

Recently, new x-ray tubes with significantly
increased mA reserves and significantly
increased power at low kV were introduced
(VECTRON, Siemens Healthcare, Forchheim,
Germany), which have the potential to extend
low-kV scanning at reduced radiation dose
and/or reduced contrast dose also to adult and
obese patients (Meyer et al. 2014; Meinel et al.
2014). Meyer et al. (2014) observed that coro-
nary CTA with a third-generation DSCT at
70 kV resulted in up to 52 % lower radiation
dose as well as up to 45 % less contrast medium
volume in nonobese adults (see Fig. 14 as an
example).



Fig. 14 Coronary CTA in an adult patient at 70 kV. ECG-
triggered high-pitch scan at 64 bpm. Total radiation dose
0.21 mSv (Courtesy of Mannheim University Hospital,
Germany)

3.2 Spectral Shaping

In CT examinations of the lung without contrast
agent, spectral shaping may be used to signifi-
cantly reduce the radiation dose to the patient. A
tin filter, which can be moved into the x-ray
beam in the pre-patient tube collimator box if
needed, removes lower-energy x-ray photons
from the x-ray spectrum and hardens it— these
photons would otherwise mainly be absorbed in
the patient without contributing to the image
and would degrade the dose efficiency of the CT
scan'. Third-generation DSCT systems are
equipped with 0.6 mm thick tin filters, which
can be used with 100 or 150 kV x-ray tube volt-
age. Figure 15 demonstrates the effect of the tin
filter on the shape of the spectra for 100 kV +tin
filter (100 Sn kV) and 150 kV +tin filter (150 Sn
kV). The novel scan mode offers a potential
radiation dose reduction in non-enhanced lung
examinations compared to standard 120 kV
scans.

Gordic et al. (2014b) evaluated the image
quality and sensitivity of low-dose CT with
spectral shaping and iterative reconstruction for
the detection of pulmonary nodules in a phan-
tom setting. They concluded that radiation dose
levels of non-enhanced chest CT for the detec-
tion of pulmonary nodules can be lowered down

1 Please note that this is valid for non-contrast scans. In
contrast-enhanced examinations, the increased x-ray
absorption of iodine at lower energies overcompensates
this effect.
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Fig. 15 Spectral shaping by Sn (tin) pre-filtration.
Standard 120 kV spectrum as compared to 100 and 150 Sn
kV. The tin filter removes x-ray quanta at lower energies
(lower keV) from the spectra. Note the onset of the tin-
filtered spectra at about 50 keV as compared to about
30 keV for the standard 120 kV spectrum and the very
narrow, almost “mono-energetic” shape of the 100 Sn kV
spectrum

to a level of 0.06 mSv when using 100 kV with
tin pre-filtration in combination with advanced
iterative reconstruction techniques. Image qual-
ity remains diagnostic and sensitivity remains
high. This is potentially interesting for the use
of CT in the context of lung cancer screening.
According to Newell et al. 2015, quantitative
CT lung imaging can be performed with spec-
tral shaping and third-generation iterative recon-
struction methods with acceptable image noise
at very low-dose levels of 0.15 mGy (corre-
sponding to about 0.07 mSv for a scan range of
350 mm). It remains subject of further studies
how well subtle features of the lung parenchyma
can be evaluated at such a low radiation dose.
Figure 16 shows a representative example of a
non-enhanced thorax scan with spectral shaping
(100 Sn kV) at a radiation dose of 0.07 mSv.

33 Iterative Reconstruction

As an add-on to the dose reduction approaches
described above, iterative image reconstruction
has found its way into routine CT scanning after
it had been proposed in 2007 as a method to
improve image quality, enhance image resolu-
tion, and lower image noise in CT (Thibault
et al. 2007).
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Fig. 16 Non-enhanced lung image acquired with spectral
shaping (100 Sn kV) and two levels of iterative recon-
struction (ADMIRE level 3, left, and level S, right) at a

While increased spatial resolution is directly
correlated with increased image noise in filtered
back projection, the standard image reconstruc-
tion approach in all medical CT scanners today, it
is to a certain extent decoupled from image noise
in an iterative reconstruction.

With iterative reconstruction, a correction
loop is introduced into the image reconstruction
process (Thibault et al. 2007). After an image has
been reconstructed from the measured projection
data, synthetic projections are calculated from
that image by ray tracing. Because image recon-
struction is not exact, the synthetic projections
are not fully identical to the measured projec-
tions. The deviation is used to reconstruct a cor-
rection image and update the original image in an
iterative loop. Each time the image is updated,
nonlinear image processing is used to stabilize
the solution. It maintains or enhances spatial res-
olution at higher object contrasts and reduces
image noise in low-contrast areas. This step,
called regularization, is essential for the image
noise reduction claimed with most iterative
reconstruction approaches. The repeated calcula-
tion of correction projections mainly removes
image artifacts introduced by the approximate
nature of the filtered back projection reconstruc-
tion when applied to multi-row CT data. In some
approaches, a statistical raw-data weighting is
added in the reconstruction loops which assigns
low weights to measured raw data with high
noise. This step reduces image noise in particular

radiation dose of 0.07 mSv (Courtesy of Universitétsspital
Ziirich, Switzerland)

in low-dose situations, but at the expense of a cer-
tain loss of spatial resolution.

There is a variety of different iterative recon-
struction techniques commercially available,
such as ASIR, VEO and ASIR-V (GE Healthcare,
USA), IRIS, SAFIRE and ADMIRE (Siemens
Healthcare, Forchheim, Germany), iDose
(Philips), and AIDR3D (Toshiba). While the
technical realization is highly vendor specific,
using some or all of the steps described above, all
approaches aim at including the statistical prop-
erties of the acquired measurement data into the
image reconstruction process in a better way than
traditional filtered back projection.

The reduced image noise in low-contrast areas
is the prerequisite for a potential radiation dose
reduction, which is the main goal when using
iterative reconstruction. Iterative reconstruction
has been widely used for chest CT examinations
(see Fig. 16), and a potential for substantial radia-
tion dose reduction has been reported (see, e.g.,
Kim et al. 2015; Wang et al. 2015; Pontana et al.
2011a, b, 2015; Padole et al. 2014; Vardhanabhuti
et al. 2013). By analyzing 24 studies using itera-
tive reconstruction for chest CT, den Harder et al.
(den Harder et al. 2015) found that by means of
iterative reconstruction, radiation dose can be
reduced to less than 2 mSv for contrast-enhanced
chest CT, while non-contrast-enhanced chest CT
is possible at a sub-mSv dose.

However, as a downside, it has also been
shown that iterative reconstruction may alter
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both the qualitative and quantitative assessment
of smoking-related lung disease (Hague et al.
2014) and may affect quantitative CT measures
in the assessment of emphysema and air trapping
and should therefore be used with caution (Mets
et al. 2012).

4 Dual-Energy CT (DECT)

CT imaging shows the patient’s anatomy; how-
ever, it cannot provide information about the
chemical composition of the examined struc-
tures. CT is only sensitive to the x-ray attenuation
coefficients p of the examined objects. Tissues of
different chemical composition but with the same
p will appear with the same Hounsfield number
in the CT image. Additional information obtained
by measurements at different x-ray energies E
can help overcome this limitation. Alvarez and
Macovski observed that in the typical energy
range of the CT x-ray spectra, ranging from 30 to
140 keV, only two absorption processes are rele-
vant, the Compton effect and the photoelectric
effect (Alvarez and Macovski 1976). Both have a
characteristic energy dependence which is almost
independent of the atomic number Z. As a conse-
quence, all materials in the examined scan vol-
ume can be decomposed into two different base
materials, e.g., water and bone or water and
iodine. The relative contributions of these two
base materials to each voxel of interest can be
determined if the x-ray absorption by the object
of interest is measured with two different spectra.
In some cases, by observing a volume conserva-
tion constraint, decomposition into three materi-
als is possible, e.g., water, bone, and iodine.
Because there are only two different absorption
mechanisms, however, it is not possible to e.g.,
separate N different materials by measurements
at N different energies.

4.1 Instrumentation

There are several methods to acquire CT data
with spectral information. In single-source CT
systems, the kV setting of the x-ray tube can be
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Fig. 17 Schematic drawing illustrating the principle of
dual-energy CT data acquisition by means of fast kV
switching. The x-ray tube voltage is rapidly switched
from 80 to 140 kV and vice versa between two
projections

changed either between different CT scans (slow
kV switching) or more rapidly between the dif-
ferent projections of a CT scan (fast kV switch-
ing (see Fig. 17). Slow kV switching is
problematic for chest imaging because cardiac
motion causes registration problems between the
two data sets acquired at different k'V.

Fast kV switching, usually between 80 and
140 kV, is per se well suited for thoracic imaging
because of the nearly simultaneous acquisition
of low-energy and high-energy projections
which avoids registration problems and allows
the use of raw-data-based dual-energy algo-
rithms. Fast kV switching was commercially
reintroduced in 2009 (Gemstone Spectral
Imaging, GE Healthcare, USA) (see, e.g., Zhang
et al. 2011). As a downside, current tube tech-
nology doesn’t allow switching the tube current
between two projections. Equal radiation dose at
80 and 140 kV can only be achieved if each
80 kV projection is two—four times longer than
the corresponding 140 kV projection. This
reduces the number of projections per rotation
and may cause sampling artifacts in the images.
Another drawback is the fixed and relatively
high tube current that is required to obtain stable
switching between both tube potentials, which
prevents the use of anatomical dose modulation
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techniques to adapt radiation dose to the patient’s
size and shape.

Dual-layer detectors consisting of two con-
ventional scintillation detectors on top of each
other enable the acquisition of spectral CT data
with a single polychromatic x-ray spectrum and
without further modifications of the CT system.
A CT scanner with dual-layer detector was com-
mercially introduced in 2013 (IQon, Philips
Healthcare, the Netherlands). Dual-layer detec-
tors enable the acquisition of dual-energy data in
the full SFOV and with perfect registration
between the high- and low-energy data. However,
spectral separation is not as good as with the use
of two different x-ray spectra (Tkaczyk et al.
2007).

Another alternative for dual-energy data
acquisition is the use of dual-source CT systems,
which have the potential to acquire DE data by
operating both x-rays tubes at different kV set-
tings. The scan parameters can be individually
adjusted for both measurement systems, resulting
in a flexible choice of scan protocols. In combi-
nation with online anatomical dose modulation
(CAREDose 4D, Siemens Healthcare,
Forchheim, Germany), the radiation dose to the
patient can be fine-tuned to patient’s size and the
planned examination. As a drawback, DE data
acquisition is limited to a smaller, central FOV
covered by both detectors. Cross-scattered radia-
tion has to be carefully corrected for in order not
to degrade the stability of the Hounsfield num-
bers and — as a consequence — the quality of the
image-based DE evaluation. Furthermore, images
of moving objects may show slightly different
motion artifacts due to the 90° offset between
both measurement systems, which may result in
registration problems affecting material decom-
position. In practice, however, this problem is
mitigated by the good temporal resolution of
DSCT and - if necessary — by nonrigid image
registration.

The quality of dual-energy CT examinations
relies on the effective separation of the energy
spectra. More spectral overlap and worse
energy separation mean less efficient and less
precise tissue differentiation, which has to be
compensated by increased radiation dose. With
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DSCT systems spectral separation can be opti-
mized by introducing additional pre-filtration
into the high-kV beam, e.g., by means of a filter
that can be moved in when needed and moved
out for non-DE applications. In the second-gen-
eration and third-generation DSCT systems,
additional tin filters (Sn) with a thickness of
0.4 mm (second-generation DSCT) and 0.6 mm
(third-generation DSCT) are used. They shift
the mean energy of the 140 kV spectrum and
the 150 kV spectrum (third-generation DSCT)
to higher values, which increases spectral sepa-
ration (see Fig. 18).

Spectral pre-filtration of the high-kV beam is
beneficial for DECT at low radiation dose. Several
authors have meanwhile demonstrated dual-
source DECT scanning with no dose penalty
compared to standard single-energy CT. Schenzle
et al. (2010) report the feasibility of dual-source
DECT without increasing radiation dose in chest
CT. Bauer et al. (2011) compare radiation dose
and image quality of 64-slice CT and dual-source
DECT for CT pulmonary angiography (CTPA).
They conclude that the use of the second-genera-
tion DECT in 80/140 Sn kV configuration allows
for significant dose reduction with image quality
similar to 120 kV CTPA. A comprehensive over-
view on radiation dose in DECT can be found in
(Henzler et al. 2012).

4.2 Applications

For thoracic DECT, dedicated scan protocols are
available that aim at high scan speed and good
temporal resolution by using fast gantry rotation
(e.g.,0.28 or 0.25 s). For dedicated cardiac exam-
inations, both ECG-triggered DE sequential
“step-and-shoot” scanning and ECG-gated DE
spiral scanning are provided, both at the fastest
gantry rotation speed of the respective CT
scanner.

Clinically relevant applications for thoracic
and cardiothoracic scanning are the computa-
tion of pseudo mono-energetic images or iodine
distribution maps of the lung parenchyma as a
surrogate of the local blood volume and lung
perfusion
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Fig. 18 Top: Standard 80 and 140 kV spectra. The mean
energy is 69 keV for the 140 kV spectrum and 52 keV for
the 80 kV spectrum. Both spectra overlap significantly
(indicated in yellow). Bottom left: Standard 80 kV spec-
trum and 140 kV spectrum with additional 0.4 mm tin pre-

Pseudo mono-energetic images at arbitrary
energies can be obtained from the polychromatic
low-kV and high-kV images, if we assume that
the object consists of only two base materials in
variable concentrations, e.g., water (soft tissue)
and iodine. The concentrations of both materials
in each image pixel are calculated by means of an
image-based material decomposition. They are
multiplied with predicted CT numbers per con-
centration at the desired energy and summed up
to the final mono-energetic image. Other materi-
als will contribute to both base material images,
their CT numbers may therefore not reflect the
actual enhancement of the respective material at
the desired energy.

Pseudo mono-energetic images may be used
to benefit from the increased iodine contrast at
lower keV in CT angiographic studies. With con-
ventional decomposition approaches, optimum
CNR in contrast-enhanced thoracic scans has
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filtration. Note the shift of the 140 kV spectrum to higher
energies. The mean energy is now 89 keV. Bottom right:
Standard 80 kV spectrum and 150 kV spectrum with addi-
tional 0.6 mm tin pre-filtration. Note the further reduced
spectral overlap

been observed at 60 keV for the aorta, pulmonary
arteries, and veins. For the superior vena cava
and brachiocephalic veins, the reconstructions at
100 keV with reduced iodine contrast enabled
reduction of beam-hardening artifacts (Delesalle
et al. 2013).

Performance can be improved by means of
recently introduced algorithms (e.g., mono+,
Siemens Healthcare, Forchheim, Germany) that
efficiently reduce image noise at low and high
keV (Grant et al. 2014). Using these techniques,
images at the target keV and images at optimal
keV from a noise perspective (typically, mini-
mum image noise is obtained at approximately
70 keV) are computed. For the final images, the
lower spatial frequencies (that contain most of
the object structure) from the images at the tar-
get keV are combined with the higher spatial
frequencies (that contain most of the image
noise) from the images at optimal keV from a
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noise perspective. It has been shown (Grant
et al. 2014) that use of the mono + —technique at
40 keV may be more efficient to optimize iodine
CNR than low-kV scans, which has been the
established and recommended method to
improve iodine CNR to date (see also Fig. 19).
Recent  publications  demonstrated  that
mono +images at 40 keV improve the contrast
of dual-energy CT pulmonary angiography
(Meier et al. 2015). Figure 20 shows a clinical
example for illustration.

The polychromatic low-kV and high-kV
images can also be used for the subtraction of
iodine from a contrast-enhanced CT scan, to
compute both a virtual non-enhanced CT image
and an iodine map showing the iodine content per
image pixel. In lung imaging, the iodine content
is a surrogate parameter for the perfused blood
volume in the lung parenchyma or in lung tumors.
The underlying technique is a modified three-
material decomposition. In a diagram showing
the CT number of each image pixel at low kV as
a function of its CT number at high kV, image
pixels containing mixtures of air and soft tissue
(these are the relevant two “base materials” in
lung imaging) are located along a line between
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air and soft tissue (see Fig. 21). If iodine is added,
the respective data points in the CT-number dia-
gram move in the direction of the iodine enhance-
ment vector. To extract the iodine, each pixel is
projected onto the line between air and soft tissue
along the direction of the iodine enhancement
vector. The length of the displacement vector
represents the enhancement attributed to iodine
in that pixel (see the two examples “Pixel 1~ and
“Pixel 2” in Fig. 21). The iodine map can provide
quantitative information about the iodine content
in mg/ml.

Iodine maps have been frequently used in
patients with pulmonary embolism to assess per-
fusion defects, which show up as hypodense
areas with reduced iodine content (see, e.g.,
Pontana et al. 2008; Thieme et al. 2008, 2009;
Ferda et al. 2009). Figure 22 shows a clinical
example.

Dual-energy CT of the lung has also other clin-
ical applications, such as the evaluation of regional
perfusion according to the presence of emphyse-
matous changes in the lung parenchyma in
patients with chronic obstructive pulmonary dis-
ease (Remy-Jardin and Remy 2008), the depiction
of regional alterations of lung perfusion in
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Fig. 19 Todine CNR as a function of the energy (in keV)
of pseudo mono-energetic images computed with a stan-
dard two-material decomposition (mono) and with an
advanced algorithm (mono+). In addition, CNRs from
single-energy scans (at 80, 100 and 140 kV) for the same

medium-sized body phantom at the same radiation dose
are shown (From (Grant et al. 2014)). Note the better
iodine CNR with mono +even compared with 80 kV scans
in the energy range 40-50 keV
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Fig. 20 Image example from a DE pulmonary CTA
examination. Left: In the standard mixed image (corre-
sponding to a 120 kV scan), opacification of peripheral
pulmonary arteries is suboptimal (arrow), and the exami-
nation is of limited diagnostic value. Right: Reconstruction

of pseudo mono-energetic images at 40 keV with an
advanced algorithm (mono+) demonstrates increased
iodine contrast and allows for a reliable exclusion of PE
(Adapted from (Meier et al. 2015))
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smokers with predominant emphysema (Pansini
et al. 2009), or the characterization of lung tumors
(Aoki et al. 2014; Wang et al. 2014). According to
Lu et al., (2012) dual-energy CT of the lung can
improve the diagnosis of acute and chronic PEs,
other vascular disorders, lung malignancies, and
parenchymal diseases.

In xenon lung ventilation studies, dual-energy
CT allows extracting the amount of inhaled
xenon gas per voxel without the need for a pre-

scan without xenon. Hence, limitations in the
quantification of Xe enhancement by ventilation
mismatch, i.e., by the variability of lung attenua-
tion caused by different lung volumes between
scans, can be avoided.

With ongoing technical refinements, DECT has
the potential to provide complementary informa-
tion in a variety of chest disorders. An overview of
dual-energy imaging of the thorax is, e.g., available
in (Lu et al. 2012) or (Remy-Jardin et al. 2014).
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Fig. 22 Visualization of perfusion defects in the lung
parenchyma caused by pulmonary embolism. DECT
angiography using a second-generation DSCT, scan
parameters 80 kV/140 Sn kV, rotation time 0.28 s. Left:
Mixed low-kV/high-kV axial image corresponding to a
standard 120 kV image shows small embolus that
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Narinder S. Paul

1 Introduction

Abstract

The last two decades have witnessed a dramatic escalation in the utiliza-
tion of computed tomography (CT) for diagnostic purposes, and there
has been a corresponding increase in patient and physician concern
regarding the potential for long-term carcinogenesis. Therefore it is
essential to embrace the ALARA principle in which radiation exposures
are maintained “as low as reasonably achievable” and progressive
improvements in CT design and software algorithms have facilitated sig-
nificant reductions in radiation exposure while maintaining diagnostic
image quality. This chapter is not meant to provide an exhaustive review
of all these advances but instead will focus on the advances that are
applicable to a wider scope of clinical applications in adult chest CT. The
material will be discussed under the following sections: appropriateness
guidelines, x-ray tube assembly, patient-related factors, and x-ray detec-
tor and post-processing algorithms.

carcinogenesis (Einstein et al. 2007). Therefore it
is essential to embrace the ALARA principle in

The last two decades have witnessed a dramatic
escalation in the utilization of computed tomog-
raphy (CT) for diagnostic purposes (Brenner and
Hall 2007; Hricak et al. 2011), and there has been
a corresponding increase in patient and physician
concern regarding the potential for long-term
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which radiation exposures are maintained “as
low as reasonably achievable” and progressive
improvements in CT design and software algo-
rithms have facilitated significant reductions in
radiation exposure while maintaining diagnostic
image quality. This chapter is not meant to pro-
vide an exhaustive review of all these advances
but instead will focus on the advances that are
applicable to a wider scope of clinical applica-
tions in adult chest CT. The material will be
discussed under the following sections: appro-
priateness guidelines, x-ray tube assembly,
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patient-related factors, and x-ray detector and
post-processing algorithms.

2 Appropriateness Guidelines

Clinical practice is conventionally based on expe-
rience and the best clinical opinion; however,
there is increased focus on appropriateness
guidelines supported by evidence-based practice.
Organizations such as the American College of
Radiology (www.acr.org) and the Royal College
of Radiologists (www.rcr.ac.uk) provide access
to a wide scope of appropriateness guidelines.
More chest-focused imaging tasks are addressed
through the use of specific “rules” based on clini-
cal algorithms such as the Wells score (Wells
et al. 1998) and the modified Wells score (Wells
et al. 2001) for pulmonary embolism. These
guidelines should be used to inform local prac-
tice in utilization of imaging resources, espe-
cially modalities that issue ionizing radiation.

3 X-Ray Tube Assembly

The x-ray tube consists of a negatively charged
cathode aligned with a positively charged anode
placed within a glass vacuum tube. Mobile elec-
trons are generated in the cathode filament by the
x-ray tube current and accelerated to the anode
by the x-ray tube potential. Photoelectric and
Compton’s interactions in the anode produce
x-ray photons that are transmitted through the
object (patient) and registered on the detector ele-
ments. The width of the x-ray beam is controlled
by the aperture of the x-ray beam collimator.

The x-ray tube current determines the number
of x-ray photons that are produced, and the x-ray
tube potential determines the energy of these
photons. The combination of the x-ray tube cur-
rent and tube potential determines the x-ray
exposure to the patient and, depending on the
radiation sensitivity of the irradiated tissues, the
effective dose to the patient.

Initial strategies at radiation dose reduction
focused on reducing the x-ray tube current as the
tube current has a linear relationship with radia-
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tion exposure and there is a predictable increase
in image noise with decrease in the tube current.
However, more recent approaches have targeted
reductions in x-ray tube potential (Fanous et al.
2012) due to the almost exponential relationship
between x-ray tube potential and radiation dose.
Consequently, a decrease in x-ray tube potential
results in a relatively large change in image noise
and image quality, as assessed by the contrast-to-
noise ratio. It is important to reiterate that reduc-
tions in x-ray tube current do not fundamentally
change the energy spectrum of the x-ray beam,
merely the amount of x-ray photons generated at
each energy level. Alteration of the x-ray tube
potential, however, does affect the maximum
energy level of the x-ray beam and the transmis-
sion of x-rays through the patient. Therefore,
there needs to be careful matching of the x-ray
tube potential setting to the x-ray absorption
characteristics of the patient.

Early attempts to optimize the x-ray exposure
parameters to the patient body habitus resulted in
bodyweight-based prioritization of x-ray tube
potential, followed by using body mass index
(Bendaoud et al. 2011) and then by using anthro-
pomorphic measurements of chest dimensions
(Rogalla et al. 2010). As the largest constituent
organ in the thorax is the lung tissue, with mini-
mum x-ray absorption from the normal lungs, the
surrounding chest wall tissues play an important
role in determining the absorption of x-ray pho-
tons and therefore in image quality (Paul et al.
2011). Therefore, the closest approximation of
required x-ray exposure parameters and patient
body habitus is achieved through assessment of
x-ray absorption at specific anatomic levels
(Odedra et al. 2014). This approach facilitates
minimization of x-ray exposure parameters while
maintaining diagnostic image quality (Newton
etal. 2011). Modern CT scanners assess the x-ray
absorption profile of the patient’s thorax from the
scout projections that are acquired to plan the
study. Once the absorption profile has been
assessed, the system will automatically prioritize
the lowest x-ray tube potential for the patient and
for the selected protocol; the x-ray tube current
will automatically be adjusted to ensure a con-
stant image quality at every anatomical level as
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described later. The CT dose index (CTDI) is a
measure of the radiation dose per unit of tissue.
Targeting a low x-ray tube potential (70—
80 kVp) is of benefit in children and small adults
due to the lower x-ray absorption profile. A lower
x-ray tube potential (80-100 kVp) is also benefi-
cial in larger patients if the target of interest is
enhanced by intravascular injection of iodinated
contrast material (CM), as the increased effi-
ciency of x-ray photons to generate signal
increases as the x-ray tube potential decreases due
to increase in the photoelectric effect and approxi-
mation of the set x-ray tube potential to the “K
edge” of iodine (Nakayama et al. 2005; Murakami
et al. 2010). Therefore, for CT studies that focus
on the thoracic aorta or the pulmonary arteries, for
an equivalent CTDI, a CT study performed using
a lower x-ray tube potential will have an ~30%
increase in measured signal from the enhanced
structures (Fanous et al. 2012). This facilitates the
use of lower x-ray tube potential settings in these
examinations. As diagnostic utility of CT is
related to the signal-to-noise ratio (SNR) in an
image, if the target structures have increased sig-
nal from the enhanced CT protocol, diagnostic
utility can be maintained at a higher image noise
and therefore a lower x-ray tube current setting.
Many body tissues exhibit an increase in x-ray
absorption with a decrease in x-ray photons; at the
x-ray potentials used in diagnostic imaging, this
change is relatively small for the cortical bone and
for body fluids but is substantially larger for
injected iodinated CM (Godoy et al. 2009).
Therefore, for CT scans enhanced with intravas-
cular iodinated CM, if image data is acquired
using low and high settings of x-ray tube potential
(kV), post-processing of image data can result in
several different images: a low- and a high-kV
image, a weighted average image, a virtual non-
contrast image, a virtual contrast image (iodine
predominant), and a bone subtraction image
(Godoy et al. 2009). The weighted average CT
image provides a comparable image to a conven-
tional CT acquisition; if there are technical diffi-
culties causing suboptimal contrast enhancement
or increased image noise, then the increased
iodine signal in the low-kV image can maintain
the diagnostic utility of a study. The virtual non-

contrast study can be used to obviate the need for
a prior non-contrast study (thus saving radiation
dose). The iodine predominant study can be used
to display the distribution of iodine (blood) in an
organ and has been used to demonstrate pulmo-
nary blood distribution in patients with acute and
chronic pulmonary embolism (Pontana et al.
2008; Dournes et al. 2014). Dual energy acquisi-
tions can be performed in several ways: using a
dual-source CT with each x-ray tube set to differ-
ent tube potentials, with a single x-ray detector
using fast switching between high- and low-kV
acquisitions, and with the use of sequential high-
and low-kV data acquisitions (Ko et al. 2012;
Kaza et al. 2012). Finally, this data could also be
provided through modification of the detector sys-
tem with dual-layer detectors or with detectors
sensitive to multiple energy spectra.
Cross-sectional image data is produced as the
x-ray tube-detector system rotates around the
patient while emitting x-ray projections that trans-
mit through the patient. The radiation exposure
from each gantry rotation is a function of the radi-
ation dose per projection and the number of x-ray
projections. The radiation exposure can be
reduced either by reducing the dose per projection
(reduction in x-ray tube potential or current) or by
reducing the number of projections. Assuming
that the frequency of emitting x-ray projections is
constant, an increase or decrease in the speed of
the gantry rotation will cause a corresponding
increase or decrease in radiation dose. This can be
a useful strategy to adjust radiation exposure in
situations where the desire is to maintain tissue
contrast. For example, in CT pulmonary angiog-
raphy or aortography, if a low x-ray tube potential
is set, but the required x-ray tube current setting
exceeds the system capacity for the patient body
habitus. In this situation, instead of increasing the
kV setting and losing the advantage of extra
iodine signal at the lower kV, the tube rotation
could be slowed to enable the appropriate tube
current flux (tube current x time) to be used and
otherwise maintain the exposure settings. A con-
ventional CT image is produced from ~1200 x-ray
projections; as the gantry rotation gets faster,
there is a corresponding reduction in the number
of projections acquired and the subsequent image
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quality. This can be offset by increasing the dose
per x-ray projection or by using image reconstruc-
tion methods other than filtered back projection
(FBP). There is considerable interest using a
smaller number of x-ray projections to achieve
diagnostic image quality at significantly reduced
radiation doses by utilizing limited angle data and
compressed sensing algorithms in CT (Idky et al.
2006). However, at present these algorithms
remain under research evaluation.

The width of the x-ray beam is controlled by
the collimator diaphragm. In older CT systems,
the position of the diaphragm is fixed during
image acquisition; this leads to increased radia-
tion exposure at the beginning and end of helical
acquisition due to over-ranging with multi-
detector CT systems (Schiham et al. 2010).
Modern CT systems use dynamic collimator dia-
phragms that move independently such that the
collimator opens asymmetrically at the start and
end of a helical acquisition to eliminate the irra-
diation of tissues outside the range of recon-
structed image data.

4 Patient-Related Factors

The CT scout projections acquire data that map
the x-ray attenuation profile of the patient in the
region of interest. Modern CT systems utilize
x-ray scan protocols that maximally optimize
x-ray exposure to the x-ray absorption profile of
the patient and prioritize the use of the lowest pos-
sible x-ray tube potential. As the x-ray absorption
profile of the thorax is variable, with increased
absorption of x-ray photons at the thoracic inlet
and at the thoracoabdominal junction and least
absorption at the carina, the x-ray tube current is
modulated in the X-Y-Z planes to match this pat-
tern. This dose modulation delivers consistent
image quality regardless of patient size or shape
and individualized or a personalized CT scan pro-
file (Kalra et al. 2005). However, there are two
essential prerequisites; the first is the determina-
tion of the level of acceptable image noise, mea-
sured as standard deviation in Hounsfield units
(HUs), for each scan protocol, and the second is
optimal patient positioning. Each CT system is
delivered with manufacturer-determined levels of
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image noise for specific clinical applications.
Individual radiology groups may choose more
aggressive levels of image noise to drive lower
radiation dose levels. The patient needs to be posi-
tioned centrally on the CT table, and ideally the
patient should be in the isocenter of the CT gantry
prior to image acquisition. The use of automatic
dose modulation software in patients who are off-
set by as little as 3 cm from the isocenter of the
CT gantry can result in 30 % more radiation dose.

5 X-Ray Detectors and Post-
processing Algorithms

Although anti-scatter grids have been used in chest
radiography for several decades, the use of an anti-
scatter grid has only recently been incorporated
into the design of a CT scanner. The mechanism of
action is similar to that in chest radiography and is
anticipated to be more advantageous in improving
image quality in obese patients. Anti-scatter grids
are also likely to be more useful in CT systems that
have larger detector systems.

Another key determinant of patient radiation
dose is related to the efficiency with which the
x-ray detector converts incident x-ray photons into
light. The transition from gas-filled (e.g., xenon)
detectors to solid-state detectors has resulted in
~23% increase in dose efficiency (Fuchs et al.
2000). There is continued focus on production of
low profile-high efficiency detectors and reduction
in the background electronic noise that limits con-
trast resolution for ultralow-dose CT.

Once the x-ray detector has converted the
x-ray photons into light, a CT sonogram is
formed in the raw data space and translated into
the image data space where the trans-axial CT
images are formed. Filtered back projection
(FBP) has been the cornerstone of CT image pro-
cessing for decades; the images are of high reso-
lution and require little computation time and
resources. However, FBP requires a significant
amount of x-ray data in order to produce diagnos-
tic quality images. Therefore, despite the fact that
diagnostic quality ultralow-dose (0.2 mSv) lung
images can be acquired using FBP, the mediasti-
num is poorly assessed (Hanna et al. 2014). This
interest in low-dose and ultralow-dose CT has,



Strategies for Dose Reduction and Improvement of Image Quality in Chest CT

however, precipitated interest in alternative
image post-processing algorithms, in particular
iterative reconstruction. Iterative reconstruction
(IR) algorithms have been extensively used in
modalities such as nuclear medicine in order to
produce diagnostic images despite the paucity of
image data. However, the prolonged image
reconstruction time and the infrastructure cost of
the required computational resource were pro-
hibitive for consideration of IR in CT imaging.
The recent focus on low-dose imaging combined
with a precipitous decrease in cost of computer
graphics processing units has made implementa-
tion of IR into clinical CT a reality. The first-
generation IR algorithms, image-based IR,
provided relatively little compromise in image
reconstruction times and modest reductions in
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radiation dose. The subsequent generation of IR
algorithms, statistical weight-based algorithms,
was a hybrid algorithm located in raw data and
image-based domains. The potential reduction in
radiation dose was greater, but the image quality
compared to conventional FBP remained subop-
timal. The latest IR algorithms, model-based IR,
are located more in the raw data domain and have
improved image quality, but the image recon-
struction times remain a challenge. The contin-
ued development and refinement of IR algorithms
will result in significant improvements in image
quality with ultralow-dose thoracic CT (Beister
et al. 2012; Yuki et al. 2014; Wang et al. 2014;
Spears et al. 2014; Leipsic et al. 2010; Gosling
et al. 2010; Di Cesare et al. 2014; Williams et al.
2013; Fujimoto et al. 2013).

Image quality and quantity of x-ray projections
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A 10 mm ground glass nodule measuring -800 HU was
placed in the left lung of an anthropomorphic chest phan-
tom (Lungman, Kyoto Kagaku) and scanned using
64x0.5 mm detector configuration (AQONE, Toshiba
Medical Systems, Japan) with fixed x-ray tube exposure

"
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~

parameters (120 kV, 200 mAs), but the images were
reconstructed with a different number of x-ray projec-
tions: (a) 1200, (b) 900, (¢) 600, and (d) 300 projections.
Note how artifacts start to appear when the image is
reconstructed using 600 projections or less
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Ultralow-dose thoracic computed tomography (0.2 mSv)

—

A 10 mm ground glass nodule measuring -800 HU was
placed in the left lung of an anthropomorphic chest phan-
tom (Lungman, Kyoto Kagaku) and scanned using
64x0.5 mm detector configuration (AQONE, Toshiba
Medical Systems, Japan) with fixed x-ray tube exposure
parameters (120 kV, 5 mAs), and the images were recon-

Ultralow-dose thoracic computed tomography
(0.2 mSv)

Coronal thin-slice (0.5 mm) CT reconstructions of a
patient performed with 64x0.5 mm detector configura-
tion (AQONE, Toshiba Medical Systems, Japan) using
fixed x-ray tube exposure parameters (120 kV, 5 mAs),
and the images were reconstructed with filtered back pro-
jection, FBP (a), and model-based IR, MIR (b). The
10 mm irregular nodule in the apex of the right lung is
clearly visualized on the MIR image but obscured by
image noise on the FBP image

9

structed with filtered back projection, FBP (a); third-gen-
eration iterative reconstruction, IR (b); and model-based
IR, MIR (c). Note the lack of beam-hardening artifact in
the MIR image compared to the FBP image and the
improved edge sharpness of the MIR image compared to
the IR image

6 Summary

Sequential advances in CT scanner design and
reconstruction algorithms, adaptation of x-ray
exposure parameters to the individual x-ray
absorption profile of the patient, and prioritization
of lower x-ray tube potentials in combination have
resulted in dramatic reductions in patient radiation
dose from thoracic CT. The introduction of itera-
tive reconstruction algorithms has resulted in
unprecedented reductions in radiation dose with
preservation of diagnostic image quality. However,
the fundamentals of good clinical practice such as
the use of appropriateness criteria and correct
patient positioning remain essential to maintaining
radiation doses as low as reasonably achievable.
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Abstract

The general goal of intravenous contrast medium (CM) delivery in computed
tomography (CT) is to achieve adequate enhancement of the organ or vessels
within the anatomic territory of interest, synchronized with the CT acquisition.
This apparently simple goal is increasingly difficult to achieve with rapidly
and continuously evolving multiple detector-row CT (MDCT) technology.
Given that acquisition times have substantially decreased with each new gen-
eration of MDCT scanners, correct scan timing and tailoring clinical injection
protocols are ever more challenging and less forgiving. Thus, a working
understanding of early contrast medium dynamics has become a prerequisite
for the rational design of current and future injection strategies. The selection
of CM type, CM iodine concentration, considerations regarding the interre-
lated effects of injection flow rates, CM injection duration and injection vol-
ume, new injection devices, and individual patient factors all have to be
integrated to optimize acquisition of a diagnostically meaningful MDCT
examination. The purpose of this chapter is to provide the reader with the basic
tools for designing rational contrast medium injection protocols for various
applications of thoracic MDCT. This will encompass a review of physiologic
and pharmacokinetic principles, as well as a discussion of contrast media
properties, injection devices and tools for accurate scan timing. Topics of cur-
rent interest, including CM strategies for patients with chronic kidney disease
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(CKD) and low-kVp image acquisition, will be discussed. In addition, practi-
cal examples of injection protocols will be provided.

1 Introduction

The general goal of intravenous contrast medium
(CM) delivery in computed tomography (CT) is to
achieve adequate enhancement of the organ or ves-
sels within the anatomic territory of interest, syn-
chronized with the CT acquisition. This apparently
simple goal is increasingly difficult to achieve
with rapidly and continuously evolving multiple
detector-row CT (MDCT) technology. Given that
acquisition times have substantially decreased
with each new generation of MDCT scanners, cor-
rect scan timing and tailoring clinical injection
protocols are ever more challenging and less for-
giving. Thus, a working understanding of early
contrast medium dynamics has become a prereq-
uisite for the rational design of current and future
injection strategies. The selection of CM type, CM
iodine concentration, considerations regarding the
interrelated effects of injection flow rates, CM
injection duration and injection volume, new
injection devices, and individual patient factors all
have to be integrated to optimize acquisition of a
diagnostically meaningful MDCT examination.
The purpose of this chapter is to provide the
reader with the basic tools for designing rational
contrast medium injection protocols for various
applications of thoracic MDCT. This will encom-
pass a review of physiologic and pharmacokinetic
principles, as well as a discussion of contrast
media properties, injection devices and tools for
accurate scan timing. Topics of current interest,
including CM strategies for patients with chronic
kidney disease (CKD) and low-kVp data acquisi-
tion, will be discussed. In addition, practical
examples of injection protocols will be provided.

2 Contrast Media for Multiple
Detector-Row CT

All currently used angiographic x-ray CM are
water-soluble derivates of symmetrically iodin-
ated benzene. They are either negatively charged

ionic molecules (ionic CM) or nonionic mole-
cules (nonionic CM). The diagnostic use of x-ray
contrast media is based on the physical ability of
iodine to absorb x-rays, not on pharmacological
effects, and is similar for all angiographic
CM. Although small differences have been dem-
onstrated in the rate of diffusion of different con-
trast media into organ parenchyma, the magnitude
of these differences is not such as to affect the
choice of CM in practice.

The selection of intravenous contrast medium
for MDCT is not so much governed by physico-
chemical properties, such as osmotic pressure,
viscosity, and electrical charge, but primarily by
safety considerations and rate of expected adverse
reactions. Nonionic CM are generally safer than
ionic contrast media, with fewer adverse reac-
tions (Katayama et al. 1990). In addition, CM
delivery for MDCT requires the use of a power
injector and comparably high injection rates —
notably for CT angiography. Injection rates
greater than 2.0-2.5 ml/s have a greater potential
to cause acute nausea and vomiting and — as a
result—motion, if ionic CM are used. Furthermore,
extravasation of ionic CM is less well tolerated
than nonionic CM. Therefore, nonionic CM are
probably the best choice for contrast-enhanced
MDCT in general (Hopper 1996).

Because of the unique anatomy of large ves-
sels in the chest and the complexity of early con-
trast medium dynamics, an increased awareness
toward the iodine concentration of the contrast
agent is critical in thoracic MDCT applications.

3 Pharmacokinetic
and Physiologic Principles

From a pharmacokinetic point of view, all angio-
graphic x-ray contrast media represent extracel-
lular fluid markers. After intravenous
administration, these agents are rapidly distrib-
uted between the vascular and interstitial spaces
(Dawson and Blomley 1996a). The volume of



Contrast Medium Injection Technique

distribution is about 0.25 1/kg body weight, which
typically represents the extracellular fluid space.
The main process of elimination is renal glomer-
ular filtration. In general, kinetics were found to
be linear or proportional to the dose. Because
relative CT attenuation values (AHU - A
Hounsfield units), derived by subtracting back-
ground attenuation before administration of con-
trast medium, are linearly related to the
concentration of contrast medium (iodine), con-
trast medium dynamics may be expressed in
these units (Dawson and Blomley 1996a, b).

Pharmacokinetic studies on CM have typi-
cally concentrated on the phase of elimination
(following CM injection) rather than on the very
early phase of CM distribution (during CM
administration). For thoracic CTA, however, it is
the particularly complex phase of early contrast
medium dynamics, which determines vascular
enhancement, perivenous artifacts, and, to a
lesser degree, parenchymal enhancement.

It is important to recognize that early vascular
enhancement and subsequent tissue enhancement
phases utilized in MDCT are affected by different
pharmacokinetics, which will be reflected in the
timing and composition of injection techniques.
Early vascular enhancement is essentially deter-
mined by the relationship between iodine adminis-
tration per unit of time (mg I/s) versus blood flow
per unit of time (i.e., cardiac output [l/min]).
Parenchymal enhancement is governed by the
relationship of total iodine dose (mg I) versus total
volume of distribution (i.e., body weight [kg]).

3.1 Early Contrast Medium

Dynamics in the Chest

The sequence of early vascular enhancement
effects in the thorax following intravenous
administration of CM is particularly complex,
because it differs between the great veins, the
heart, and the pulmonary and systemic arteries.
This is illustrated in Fig. 1. Figure la shows a
series of non-incremental dynamic images
obtained every 2 s at the level of the pulmonary
artery during the injection of a small test bolus.
CM appears 4 s after the beginning of the injec-
tion, relatively undiluted and incompletely
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mixed, in the superior vena cava (which collects
approximately one-third [~25 ml/s] of the cardiac
output [~80 ml/s]). This causes both bright
enhancement and perivenous streak artifacts. The
subsequent enhancement of the pulmonary arter-
ies and of the thoracic aorta is less strong, because
it has mixed in the right atrium and ventricle with
blood from the inferior vena cava and coronary
sinus. The magnitude (in HU) and the time course
(in seconds) of opacification for each vascular
territory are plotted in Fig. 1c. Note that pulmo-
nary arterial enhancement begins immediately
(2 s) after enhancement of the superior vena cava.
The bolus, which is subsequently delayed and
broadened in the pulmonary circulation and left
heart chambers, appears in the thoracic aorta
after another 10 s (14 s after initiation of the
injection). Figure 1d integrates the relative
enhancement effects (in AHU, above baseline)
for a prolonged injection of 20 s for each vessel,
respectively. Note that the enhancement events
overlap in time. During a prolonged MDCT
acquisition of, for example, 20 s, the enhance-
ment is expected to be substantially greater in the
superior vena cava than in the pulmonary vascu-
lature and in the aorta (Fig. 1b). With respect to
perivenous artifacts, it is pertinent that the time
window, which shows maximum pulmonary arte-
rial and aortic enhancement without dense opaci-
fication of the superior vena cava, is particularly
narrow.

3.2 Early Arterial Contrast

Medium Dynamics

Early contrast medium dynamics for a given vas-
cular territory such as the pulmonary or systemic
arteries have gained substantial interest because
of their implications for CT angiography (CTA).
Whereas time-attenuation responses to intrave-
nously injected CM vary widely between vascu-
lar territories and across individuals (as discussed
below), some basic principles apply to all arterial
(pulmonary and systemic) vessels.

Figure 2 schematically illustrates the early
arterial contrast medium dynamics as observed
in the supraceliac abdominal aorta: When a
16-ml test bolus of contrast medium is injected
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Fig. 1 Early contrast medium dynamics in the chest. (a)
Sequence of vascular enhancement observed in a non-
incremental dynamic CT acquisition following the intra-
venous injection of a small test bolus is shown (see text
for details). (b) Maximum intensity projection of a MDCT
pulmonary angiogram shows extensive opacification of
the left brachiocephalic vein and SVC. As densely opaci-
fied blood is mixed with unenhanced blood from the infe-
rior vena cava in the right atrium and ventricle, the

intravenously, it causes an arterial enhancement
response in the aorta. The time interval needed
for the contrast medium to arrive in the arterial
territory of interest is referred to as the contrast
medium transit time (zcyr). The first peak in the
enhancement response is also referred to as the
first-pass effect. For a given individual and vas-
cular territory, the enhancement response is pro-
portional to the iodine injection rate.

After the CM is distributed throughout the
intravascular and interstitial fluid compartments
of the body, a certain proportion of CM reenters
the right heart (recirculation). It is important to
realize that within the time frame relevant to
MDCT acquisition one will not only observe the

pulmonary arterial enhancement is substantially smaller
than the enhancement in the SVC. Aortic enhancement is
again slightly less than PA enhancement. Analysis of the
time-attenuation curves from a 4-s test injection (c) allows
to predict the time-attenuation curves for a prolonged,
20-s injection (d). Note that the time window of maxi-
mum aortic enhancement without SVC enhancement is
particularly narrow. SVC superior vena cava, PA pulmo-
nary artery, AO thoracic aorta

first pass of contrast material but also its recircu-
lation. As shown in Fig. 2, a larger (128 ml), pro-
longed (32 s) bolus of CM can be viewed as the
sum of eight subsequent injections of small “test
boluses” of 16 ml each. Each of these eight “test
boluses™ has its own effect on arterial enhance-
ment, respectively. Under the assumption of a
time-invariant linear system, the cumulative
enhancement response to the entire 128-ml injec-
tion equals the sum (time integral) of each
enhancement response to their respective eight
test boluses (Fleischmann 2002). Note that the
recirculation effects of the earlier test boluses
overlap (and thus sum up) with the first-pass
effects of later test boluses.
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Fig. 2 Simple “additive model” illustrates the relation-
ship between contrast medium injection (a, ¢) and cumu-
lative arterial enhancement (b, d). Note that due to the
asymmetric shape of the test-enhancement curve (b) and

In other words, when contrast medium is
injected intravenously over a prolonged period of
time (e.g., over 1540 s), the arterial enhance-
ment will continuously increase over time, before
it decreases rapidly after the end of the injection.
This well-documented effect is particularly
important for CTA injection protocols, because it
refutes the widely held misconception that
continuous-rate prolonged injections lead to an
arterial enhancement plateau. Biphasic (or multi-
phasic) injections with high initial and lower con-
tinuing flow rates lead to a more favorable
plateau-like arterial enhancement (Fleischmann
et al. 2000).

From the erroneous assumption that constant-
rate injections cause a constant plateau enhance-
ment comes another widely held misconception.
One might intuitively assume that the average
arterial enhancement from a 30-s CTA acquisi-
tion achieved with a 30-s contrast medium injec-
tion is identical to the average enhancement from
a 15-s CTA acquisition achieved with a 15-s
injection duration. Again, it is apparent from
Fig. 2 that if only 50 % of contrast medium was

recirculation effects (the “tail” in the test enhancement),
arterial enhancement (the “time integral of 8 test boluses™)
increases continuously over time (d). There is no enhance-
ment plateau (Adapted from Fleischmann 2002)

injected (corresponding to the first four of eight
“test boluses”), the cumulative enhancement (the
sum of the first four test-enhancement curves) is
substantially less compared to the cumulative
enhancement from the total dose (eight “test
boluses”). It follows that if one wants to achieve
the same level of enhancement with shorter injec-
tion times, the injection flow rate and/or the
iodine concentration of the agent has to be
increased. Alternatively, the injection delay may
be increased relative to the fcyr. This relative
increase of the delay plus the scan time should
equal the injection duration (see Sect. 4.5).

3.3 Physiologic Parameters
Affecting Vascular

Enhancement

The vascular enhancement response to intrave-
nously injected CM is characteristic for a given
vascular territory and for a given patient. It is
determined by individual physiologic parame-
ters and beyond the control of the observer. The



42

contrast material transit time (fcyr) from the
injection site to the vascular territory of interest
depends on the anatomic distance between them
and also on the encountered physiologic flow
rates between these landmarks. Except for the
veins used for intravenous access, injection flow
rates hardly affect the #cyr. For systemic arteries,
the fcyr is primarily controlled by cardiac out-
put. Cardiac output also accounts for most of the
wide interindividual variability of the fcyr. Low
cardiac output prolongs and high cardiac output
decreases the fcyr. Obviously, the fcyr can be
substantially delayed in patients with venous
obstructions downstream from the injection site.

The degree of arterial enhancement following
the same intravenous contrast medium injection
is also highly variable between individuals
(“patient effect”). Even in patients considered to
have normal cardiac output, midaortic enhance-
ment may range from 140 HU to 440 HU (a fac-
tor of 3) between patients (Sheiman et al. 1996).
Even if body weight is taken into account, the
average aortic enhancement ranges from 92 to
196 HU/ml/kg (a factor of 2) (Hittmair and
Fleischmann 2001). Adjusting the contrast
medium volume (and injection rates) to body
weight will therefore reduce interindividual dif-
ferences of arterial enhancement, but will not
completely eliminate them. The key physiologic
parameters affecting individual arterial enhance-
ment are cardiac output and the central blood
volume.

Cardiac output is inversely related to the
degree of arterial enhancement, particularly in
first pass dynamics (Bae et al. 1998b): If more
blood is ejected per unit of time, the contrast
medium injected per unit of time will be more
diluted. Hence, arterial enhancement is lower in
patients with high cardiac output, but it is stron-
ger in patients with low cardiac output (despite
the increased 7oy in the latter). This effect is
illustrated in two patients with chronic thrombo-
embolic pulmonary hypertension, in whom car-
diac output was known from invasive
measurements (Fig. 3).

Central blood volume is also inversely related
to arterial enhancement — but presumably affects
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recirculation and tissue enhancement rather than
the first-pass effect (Dawson and Blomley
1996a). Central blood volume correlates with
body weight. If total contrast medium volumes
are chosen relative to body weight, then 1.5—
2.0 ml/kg body weight (450-600 mg I/kg) is a
reasonable quantity for arterial CTA.

Another physiologic factor which affect the
temr but also pulmonary as well as arterial
enhancement is a temporarily diminished venous
return caused by a forced Valsalva maneuver of
the patient in an attempt to hold his or her breath.
In patients with known but also in previously
undiagnosed asymptomatic individuals with a
patent foramen ovale, such a maneuver may also
cause a temporary right-to-left shunt with early
arterial enhancement.

34 Physiologic Parameters

Affecting Tissue Enhancement

Parenchymal and soft-tissue enhancement also
diverges between different organs and tissues
(Leggett and Williams 1995). Arterial blood flow,
the relative proportions of intravascular to inter-
stitial fluid compartments, and diffusion coeffi-
cients between compartments all play a role.
Highly perfused tissue such as the renal cortex
and the spleen, as well as hypervascular neo-
plasms, exhibits a similar but somewhat delayed
enhancement course (e.g., 10-15 s delay relative
to arterial enhancement for hypervascular liver
lesions). Maximum lesion-to-background con-
trast between many other moderately enhancing
pathological lesions (inflammatory or neoplastic)
occurs 60 s or longer following CM administra-
tion (Foley 2002). It is again noted that such
attenuation differences are generally dose depen-
dent and less affected by the injection flow rate.

35 Perivenous “Streak” Artifacts

Streak artifacts arising from densely opacified
brachiocephalic veins or the superior vena cava
during CM administration are a well-known
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problem in thoracic CT. Streak artifacts may
obscure neighboring structures and pathology or
lead to spurious abnormalities, such as a pseudo-
intimal flap suggestive of aortic dissection.
Similarly, artifacts arising from the right atrium
and ventricle of the heart may obscure the right
coronary artery in coronary CT angiography.

In technical terms, these artifacts are caused
by beam hardening (e.g., in the vicinity of subcla-
vian and brachiocephalic veins) or by the acquisi-
tion of inconsistent projection data (views)
collected during the time window needed for the
reconstruction of a given CT cross-sectional
image. The latter situation occurs when densely

43

opacified blood is incompletely mixed with
unopacified blood and swirls within the superior
vena cava during data acquisition.

Streak artifacts can therefore be reduced or
completely avoided, if the CT acquisition is per-
formed after contrast material is already removed
from the large veins. This can be accomplished by
flushing the venous system with saline immedi-
ately after the CM injection (Hopper et al. 1997;
Haage et al. 2000). Hand exercising during CM
administration has also been reported to exhibit
this effect (Nakayama et al. 2000). It is important
to keep in mind, though, that the time window
exhibiting strong pulmonary and systemic arterial
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Fig. 3 Cardiac output and pulmonary arterial enhance-
ment. (a) Two patients with chronic thromboembolic pul-
monary hypertension (CTEPH) are compared. PAP
pulmonary arterial pressure [systolic/diastolic (mean)],
CO cardiac output. (b) Following a small test-bolus

injection (16 ml at 4 ml/s), the time-attenuation response
measured in the pulmonary artery is smaller in the patient
with greater cardiac output. (¢) Corresponding thin-slab
volume rendered images of pulmonary vessels
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but minimal venous enhancement is remarkably
short. Artifacts can also be reduced, if the attenua-
tion difference between newly injected swirling
contrast medium and blood is minimized
(Fleischmann et al. 1997). This can be accom-
plished by using lower injection flow rates and
less-concentrated contrast medium (Rubin et al.
1996) and/or by scanning during a recirculation
phase. Diminished arterial opacification is a poten-
tial trade-off when such a strategy is used.
Double-piston (“‘dual-head”) power injectors,
which allow automated saline flushing and online
variation of CM concentration, may be the most

versatile tools for CM administration while also
minimizing streak artifacts at the same time dur-
ing fast MDCT acquisitions.

3.6 Mathematical Modeling

Accurate prediction and controlling of time-
dependent arterial enhancement are highly desir-
able for MDCT, particularly with faster scanners
and for CTA. Ideally, one wants to predict and
control the time course and the degree of vascular
enhancement in each individual — independent of
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an individual’s underlying physiology. Two
mathematical techniques addressing this issue
have been developed.

The first is a sophisticated compartmental
model, which predicts vascular and parenchymal
enhancement using a system of more than 100
differential equations to describe the transport of
contrast medium between intravascular and inter-
stitial fluid compartments of the body (Bae et al.
1998a). For CT angiography, this model suggests
multiphasic injections to achieve uniform vascu-
lar enhancement. The injection flow rate is maxi-
mum at the beginning of the injection followed
by a continuous, exponential decrease of the
injection rate (Bae et al. 1998Db).

The second black-box model approach is
based on the mathematical analysis of a
patient’s characteristic time-attenuation
response to a small test-bolus injection
(Fleischmann and Hittmair 1999). Assuming a
time-invariant linear system, one can mathe-
matically extract and describe each individu-
al’s response to intravenously injected contrast
medium (“patient factor”) and use this infor-
mation to individually tailor biphasic injection
protocols to achieve uniform, prolonged arte-
rial enhancement at a predefined level. The
principle of this technique is outlined in Fig. 4.
The method is robust and has been successfully
used in clinical practice.
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Fig.4 Iodine administration rates and CM concentration.
For a given CM concentration, the iodine administration
rate (g/s) can be varied by selection of the injection flow
rate (in ml/s). High-concentration agents permit greater
iodine administration rates at the same injection rates
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Mathematical models utilizing both the “com-
partmental” and “black-box” models have
recently been incorporated into commercial CM
power injector systems. The greatest value of
these systems, however, may come from the
gained insights into early contrast medium
dynamics for the time frame relevant for current
and future CT technology, which allows rational
design and implementation of empiric and rou-
tinely applicable injection techniques.

4 Instrumentation
and Technique
4.1 Intravenous Access

Adequate intravenous CM administration for
MDCT requires the use of a mechanical, program-
mable power injector. A large cubital or antebrach-
ial vein is the most favorable injection site. For a
given vein, the largest diameter peripheral cathe-
ter, which accommodates the desired injection
rate, is selected. Whereas cannula lumen diame-
ters as small as 22 g (0.71 mm) may suffice for
routine thoracic MDCT, diameters up to 17 g
(1.47 mm) have been used for dedicated CTA of
the thoracic aorta. If high injection flow rates are
desired, a fast manual saline injection with the
patient’s arms in scanning position (usually above
the head) before mechanical CM delivery is rec-
ommended to assure correct peripheral catheter
position. Injections through a central venous cath-
eter reduce the contrast medium transit time (Zcyr);
injections in a peripheral vein at the dorsum of the
hand slightly prolong the fcyr. In both instances,
the flow rates may need to be adapted in order to
prevent CM extravasation or catheter rupture.
Advances in IV cannula design, including the
addition of side holes/fenestrations, have resulted
in lower shear force on the cannula, reduced
venous wall stress, and less pressure drop across
the cannulas. Radial velocities are more uniform
and exiting velocity of CM from the cannula is
reduced. These devices allow delivery of CM at
higher flow rates at each gauge size than
previously available (Weber et al. 2009). This
allows the use of smaller-gauge cannulas with



Contrast Medium Injection Technique

preservation of high flow rates and decreased
incidence of extravasation (Johnson et al. 2014).

4.2 Power Injectors and Safety

Issues

The use of CM in MDCT carries the same risk of
idiosyncratic  (non-dose-dependent) adverse
reactions as in other CM applications. These
allergy-like effects are well described (Katayama
et al. 1990) and their discussion is beyond the
scope of this chapter. Because MDCT requires
faster injections and the use of a power injector,
dose-dependent  (non-idiosyncratic)  adverse
effects and the risk of CM extravasation have
recently regained interest.

Dose-dependent adverse reactions include
nausea, vomiting, arrhythmia, pulmonary edema,
and cardiovascular collapse. Based on clinical and
experimental evidence for ionic CM, one might
naturally assume that rapid injections would be
less well tolerated than slower injections (Dawson
1998). However, at least for injection flow rates
up to 4 ml/s, there seems to be no correlation
between injection rate and the overall rate of
adverse reactions (Jacobs et al. 1998).

The rate of CM extravasation during the intra-
venous administration of CM with power injec-
tors is low, ranging from 0.2 to 0.6 % (Bellin
et al. 2002). Whereas this is presumably higher
when compared to hand-injection and drip infu-
sion technique, no correlation was found between
extravasation frequency and injection rates up to
4 ml/s (Jacobs et al. 1998). Most extravasations
involve only small volumes and result in minimal
to mild symptoms if nonionic CM is used.

Large volumes of CM may be involved, however,
in non-communicative patients such as infants and
children, elderly, orunconscious patients. Monitoring
of the injection site during CM administration is rec-
ommended for these patients, because severe extrav-
asation injuries could occur without the usual patient
complaints. Such extravasations have occasionally
been reported, and guidelines for management of
extravasation injuries should be available (Bellin
et al. 2002). Recently, an automated CM extravasa-
tion device has been developed, which interrupts the
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mechanical injection when a skin impedance change
due to fluid extravasation is detected (Nelson et al.
1998). Such a device might prove useful in high-
flow-rate MDCT applications (Birnbaum et al.
1999). Newer IV cannula design may also decrease
extravasation rate (Johnson et al. 2014).

4.3 Saline Flushing of the Veins
Flushing the venous system with saline immedi-
ately after CM injection pushes the CM column
from the veins into the circulation. This has two
desirable effects in thoracic MDCT.

First, because the CM which would otherwise
remain in the arm veins after the end of the injec-
tion contributes to vascular enhancement, opacifi-
cation of intrathoracic vessels is improved. This
effect can also be exploited to reduce the total CM
volume in routine thoracic MDCT (Hopper et al.
1997; Haage et al. 2000). Second, because saline
flushing removes CM from the brachiocephalic
veins and the superior vena cave, it reduces peri-
venous streak artifacts in thoracic and cardiac CT.

Saline flushing has been performed (a) manu-
ally — using a three-way valve — or (b) by layering
saline above contrast in the syringe of a power
injector or (c) by using two interconnected power
injectors. The former techniques, however, are
impractical for routine CT, because the manual
technique may expose the radiologist or technol-
ogist to radiation, and the layering technique is
time consuming and poses a risk for
contamination.

The most convenient technique for routine
saline flushing after CM injection is new pro-
grammable double-piston power injectors (one
syringe for contrast material, one for saline) simi-
lar to those used in MR angiography. Furthermore,
these devices may not only allow variation in CM
injection rates but also the ability to vary the con-
trast material concentration during a single injec-
tion (through saline admixture). Such a strategy
might allow to achieve the desired enhancement
profile by initially injecting non-diluted contrast
medium, followed by a phase of diluted contrast
medium injection, with subsequent saline flush-
ing to avoid artifacts.
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4.4 Scanning Delay
and Automated Bolus

Triggering

A fixed, empiric injection-to-scan delay may be
adequate for many routine thoracic and abdominal
CT acquisitions, particularly if maximum vessel
opacification is not of critical importance. The
greatest advantage of fixed-delay protocols is obvi-
ously ease of use. As early contrast medium dynam-
ics in patients without cardiocirculatory disease are
within a comparable range and as it is easier to
achieve good opacification in the pulmonary arter-
ies compared to more distant systemic arteries,
fixed scanning delays have also been employed suc-
cessfully for pulmonary CTA acquisitions.

For dedicated arterial or organ (liver) MDCT
imaging studies, a fixed scanning delay cannot be
recommended, because the arterial CM transit
time (fcyr) is prohibitively variable between indi-
vidual patients — ranging from 8 to as long as 40 s
in patients with cardiovascular diseases. One
might completely miss the bolus with a fast MDCT
acquisition if the delay is not properly chosen.

In vascular MDCT, therefore the delay needs
to be timed relative to the contrast transit time
(tcmr)- It is important to realize that with the pos-
sibility of very fast MDCT acquisitions, the 7oyt
itself does not necessarily serve as the scanning
delay, but rather as a means of individualizing the
delay relative to it. Depending on the vessels or
organ of interest, an additional delay relative to
the topr needs to be selected. In CTA, this addi-
tional delay may be as short as 0-2 s added to the
temr (“femr+2 87). For visualizing hypervascular
liver lesions, this additional delay may be 10-15's
(“tcmr+ 15 87). Transit times can be easily deter-
mined using either a test-bolus injection or an
automatic bolus-triggering technique.

Test Bolus The injection of a small test bolus
(15-20 ml) while acquiring a low-dose dynamic
(non-incremental) CT acquisition is a reliable
means to determine the fqyr from the intrave-
nous injection site to the arterial territory of
interest (Van Hoe et al. 1995). The fcyr equals
the time-to-peak enhancement interval mea-
sured in a region-of-interest (ROI) placed within
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a reference vessel. Furthermore, time-attenua-
tion curves obtained from one or more regions
of interest can be used for individual bolus-
shaping techniques using one of the previously
described mathematical models. A test bolus is
particularly useful to determine the fcyp if
unusual CM injection sites need to be used (e.g.,
lower-extremity veins).

Bolus Triggering Many CT scanners have this
feature built into their system. A circular region-
of-interest (ROI) is placed into the target vessel
on a non-enhanced image. While contrast
medium is injected, a series of low-dose non-
incremental scans are obtained, while the attenu-
ation within a ROI is monitored or inspected
visually. The fcyr equals the time when a pre-
defined enhancement threshold (“trigger level”)
is reached (e.g., 100 AHU) or observed by the
person performing the scan. The minimal trigger
delay to initiate the MDCT acquisition after the
threshold has been reached (“trigger delay”)
depends on the scanner model and on the longitu-
dinal distance between the monitoring series and
the starting position of the actual MDCT series.
The minimal “trigger delay” before a scan can be
initiated after the trigger threshold is reached is
currently between 2 and 8 s. Bolus triggering is a
very robust and practical technique for routine
use and has the added advantage that it does not
require an additional test-bolus injection.

Contrast Medium
Concentration

4.5

Vascular enhancement (over time) is proportional
to the number of iodine molecules administered
(over time). This iodine administration rate can
therefore be increased either by increasing the
injection flow rate, by increasing the iodine con-
centration of the contrast medium used (Fig. 4),
or both. Thus, to achieve a certain iodine admin-
istration rate (e.g., 1.2 g/s), a faster (e.g., 4 ml/s)
injection flow rate will be needed with standard
(300 mg I/ml) CM, compared to a slower (e.g.,
3 ml/s) flow rate with high-concentration (400 mg
I/ml) CM. Very high iodine administration rates,
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up to 2.4 g/s or more, can be safely injected with
a 400 mg I/ml solution at 6 ml/s, whereas an
injection flow rate of 8 ml/s would be required
using standard (300 mg I/ml) solution. High
iodine administration rates are useful in CTA,
notably in patients with low enhancement
response due to underlying cardiocirculatory dis-
ease, and for avoiding high injection flow rates.
Furthermore, high iodine administration rates are
also desirable for specific nonvascular imaging
purposes, e.g., for detecting hypervascular liver
lesions, or in organ perfusion studies.

Low-concentration contrast media, on the
other hand, have the advantage that they cause
less perivenous artifacts at the level of the bra-
chiocephalic veins and the superior vena cava
in thoracic MDCT, particularly if no saline
flushing of the veins is employed (Rubin et al.
1996).

5 Clinical Contrast Medium
Injection Protocols

The following section provides an overview of
clinically applicable CM injection protocols for
various thoracic MDCT applications. The sug-
gested protocols are based on pharmacokinetic
considerations, published clinical and experi-
mental data, mathematical approximations, and
practical experience. An attempt is made to
provide both a universal approach to injection
strategies and specific examples of injection
protocols.

Because of the wide variation among available
MDCT scanner types (ranging from dual-channel
to 320-slice MDCT systems, with substantial
variation in rotation times and selectable table
increments), the protocols are tabulated according
to the acquisition times. Abbreviations for tempo-
ral variables are indexed as follows: fscan=acqui-
sition time and #yy=injection duration.

The actual CM injection protocols should be
adjusted to match the suggested iodine doses and
administration rates. CM doses and injection
rates should also be adjusted (+20 %) in patients
with a body weight smaller than 60 kg and greater
than 90 kg body weight (BW).
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Given the availability of wide area-detector
CT and systems with very rapid gantry rotation
times, scan acquisition times may be very short —
for example, one gantry rotation for coronary
imaging and<2 s for the entire chest, abdomen,
and pelvis. One may be tempted to use very short
CM injection protocols as well; however, cau-
tion should be exercised. As discussed above,
since observed enhancement continually
increases during continued injection, a very
short injection duration will lead to lower-level
vascular enhancement. A very short injection
duration will essentially serve as a “test bolus”
with a narrow enhancement peak and little ben-
efit of recirculation effects. One can compensate,
to some degree, by increasing the CM injection
flow rate. However, at programmed flow rates
above 8 ml/s, there is no observed benefit over
slower injection rates, but the risk of CM extrav-
asation can be higher. Further, since the bolus is
very short and bolus triggering includes some
3-8 s of added delays, the bolus could be easily
missed, resulting in an inadequate exam. A very
short injection duration also increases the likeli-
hood of outrunning the CM bolus completely,
especially if the scanner is operated at high pitch
over long distances, such as peripheral runoff
CTA. Finally, it is important to remember that in
general at least 7 s of CM injection time is
needed to assure complete filling of most vascu-
lar territories.

Routine Thoracic
and Mediastinal MDCT

5.1

Indications Evaluation of various systemic or
thoracic diseases; staging/follow-up malignan-
cies (lymphoma, bronchogenic carcinoma).

Objectives Opacification of thoracic vessels for
better delineation of mediastinal and hilar
structures.

Strategy A small to moderate amount of iodine
(20-35 g I) CM (60-120 ml of 300 mg I/ml CM)
delivered at a slow injection rate (1.5-3.0 ml/s) and
comparably long injection duration (>30 s) results
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Table 1 Routine thoracic MDCT

Acquisition time

(s) (s) (g) rate (g/s)
20 25 30 75
15 30 30 75
10 28 30 90
5 33 30 .90

Scanning delay| Iodine dose | lodine administration| CM volume | Injection rate
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*Volume and flow rate calculated for 300 mg I/ml concentration CM

Table 2 Routine thoracic MDCT, high CM dose protocol®

Acquisition time

(s) (s) (g) rate (g/s)
20 25 36 .90

15 30 36 90

10 25 36 1.20

5 30 36 1.20

Scanning delay| Iodine dose | Iodine administration| CM volume

Injection
(ml) * (ml/s) * duration (s)
100 2.5 40
100 2.5 40
100 3 33
100 3 33
Injection rate | Injection
(ml)® (ml/s)® duration (s)
120 3 40
120 3 40
120 4 30
120 4 30

aApplicable if soft-tissue enhancement (e.g., chest wall) is also desired; provides good pulmonary and systemic arterial

enhancement as well. Patients with >90 kg BW
Flow rate calculated for 300 mg I/ml concentration CM

Table 3 Thoracic MDCT, minimum dose protocol®

Acquisition time

(s) (s) (g) rate (g/s)
20 25 18 .90

15 30 18 90

10 25 18 1.20

5 20 18 1.20

Scanning delay| Iodine dose | Iodine administration| CM volume | Injection rate

Injection
(ml)® (ml/s)® duration (s)
60 1.5 40
60 1.5 40
60 2 30
60 2 30

aSuffices for vessel delineation, if saline flush is used. Saline flushing is strongly recommended
*Volume and flow rate calculated for 300 mg I/ml concentration CM

in sufficient opacification of thoracic vessels. Low-
concentration agents or saline flushing is favorable
to reduce perivenous artifacts. A fixed delay is ade-
quate and should be determined, so that the injec-
tion ends 5 s earlier than the MDCT acquisition
(delay=tin;+5 s—tscan)- This minimizes perivenous
artifacts, particularly when a saline flush and a cau-
docranial scanning direction are used. Examples are
shown in Tables 1, 2, and 3.

5.2 Pulmonary Arteries

Indications Acute pulmonary embolism, chronic
thromboembolic ~ pulmonary  hypertension
(CTEPH), pulmonary arteriovenous malforma-
tions (AVM), pulmonary artery aneurysms, and
arteriovenous fistulas.

Objectives High opacification of pulmonary
arteries, in order to detect vascular abnormali-
ties — notably filling defects or mural thrombus.

Strategy Moderate to large amount of iodine
is required to allow distinction between opaci-
fied blood and intraluminal abnormalities. A
larger amount of iodine is necessary if an
additional, delayed (approx. 2 min) acquisi-
tion of the lower-extremity veins (CT venog-
raphy) is desired. Moderate to high injection
flow rates (3.0-4.0 ml/s) are required with a
standard concentration agent; if a higher-con-
centration agent is used, flow rates can be
slower. Saline flushing is recommended. A
fixed delay is adequate in the majority of
patients and should again be determined so
that the injection ends 3 s earlier than the end
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Table 4 Pulmonary artery CTA, fixed delay

Acquisition time

(s) (s) (&) rate (g/s)
20 23 36 .90

15 18 36 1.20

10 23 36 1.20

5 28 36 1.20

Scanning delay| Iodine dose | Iodine administration| CM volume

*Volume and flow rate calculated for 300 mg I/ml concentration CM

Table 5 Pulmonary artery CTA, with individual timing

Acquisition time

(s) (s) (g) rate (g/s)
20 fomr+8 30 .90

15 temr+10 27 1.20

10 temr+15 27 1.20

5 temr+20 27 1.20

Scanning delay| Iodine dose | Iodine administration
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Injection rate | Injection
(ml)? (ml/s)? duration (s)
120 3 40
120 4 30
120 4 30
120 4 30
CM volume | Injection rate | Injection
(ml)? (ml/s)? duration (s)
100 3 33
90 4 30
90 4 30
90 4 30

Note — fcyr=contrast medium transit time, as established with a test-bolus or bolus-triggering technique
*Volume and flow rate calculated for 300 mg I/ml concentration CM

of MDCT acquisition (delay =fn;+3 S—fscan)-
For patients with severely compromised car-
diocirculatory distress (CTEPH), slower injec-
tion rates suffice (because diminished cardiac
output leads to brighter enhancement). Image
quality is more consistent if the delay is timed
relative to the contrast medium transit time
(Tables 4 and 5).

5.3 Thoracic and Coronary CT

Angiography

Indications Aneurysms and dissection of the
thoracic aorta and its branches, atherosclerotic or
inflammatory (arteritis) arterial stenosis or occlu-
sion, thoracic outlet syndrome, chest trauma.
Coronary CT angiography.

Objectives High opacification of systemic and/
or coronary arteries.

Strategy For fast acquisitions (>64-channel
MDCT), moderate amounts of iodine at high
iodine administration rates are required (i.e., high
injection flow rates and/or high iodine concentra-
tion agent). For slower acquisitions, larger total

CM volumes (with longer injection durations and
preferably biphasic injections) are optimal.
Individual scan timing relative to the #cyr is man-
datory. Saline flushing is beneficial in thoracic
outlet and coronary CTA in order to reduce arti-
facts in the vicinity of large veins of the right
heart (Tables 6 and 7).

5.4 Thoracic Veins
Indications Assessment of venous thrombosis,
obstruction, or occlusion.

Objective Delineation of venous anatomy and
pathology for treatment planning

Strategy A Intravenous CM injection into the
contralateral (non-diseased) arm requires large
iodine doses (e.g., 100-150 ml) at slow to moder-
ate injection rates in order to visualize the dis-
eased venous territory during a recirculation
phase. A long delay (end of MDCT acquisition
should be approx. 15 s after the end of the injec-
tion) and saline flushing are recommended. This
strategy also allows assessment of systemic
arteries.
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Table 6 Thoracic CTA, uniphasic injection

Iodine
Scanning delay
Acquisition time (s) | (s) Dose (g)
20 temr+8 39 1.2
15 temr+8 36 1.5
10 temr+8 33 1.8
5 temr+ 12 27 1.8

Administration rate

(g/s)

D. Fleischmann and R.L. Hallett

300 mg I/ml CM | 400 mg I/ml CM

CM volume at
injection rate

CM volume at
injection rate (ml

(ml at ml/s)? at ml/s)°
130 at 3 100 at 3
120 at 5 90 at 3.8
110 at6 85 at4.5
90 at 6 70 at 4.5

Note — fcyr=contrast medium transit time, as established with a test-bolus or bolus-triggering technique
*Volume and flow rate calculated for 300 mg I/ml concentration CM
"Volume and flow rate calculated for 400 mg I/ml concentration CM

Table 7 Thoracic CTA, biphasic injection

Iodine
Acquisition | Scanning | Total Biphasic administration
time (s) delay (s) | dose (g) | (g at g/s)
20 temr+8 34 9at1.8
+25at14
15 fomr+8 32 9atl.8
+23 at 1.4
10 fomr+8 29 9at1.8
+20 at 1.5
5 tomr+12 |24 9at1.8
+15at 1.5

300 mg I/ml CM 400 mg I/ml CM
Total Biphasic Total Biphasic
volume injections volume injections
(ml)? (ml at ml/s)* | (ml)® (ml at ml/s)®
115 30at 6 90 23 at 4.5
+85 at 4.5 +67 at 3.4
105 30at6 80 23 at4.5
+75 at4.5 +57 at 3.4
95 30at6 75 23 at4.5
+65 at 5 +52 at3.8
80 30at6 65 23 at4.5
+50 at 5 +42 at 3.8

Note — fcyr=contrast medium transit time, as established with a test-bolus or bolus-triggering technique
*Volume and flow rate calculated for 300 mg I/ml concentration CM
®Volume and flow rate calculated for 400 mg I/ml concentration CM

Strategy B 200 ml of diluted CM (1:10-1:20
diluted with normal saline) injected into the dis-
eased arm (or both arms using a Y-connector) at
a slow injection rate (2—4 ml/s) is sufficient to
directly opacify the thoracic veins.

5.5 Thoracoabdominal MDCT
Indications Assessment of thoracoabdominal
diseases, such as staging of lymphoma.

Objectives Delineation of hilar and mediastinal
structures, combined with adequate parenchymal
enhancement of abdominal and pelvic organs.

Strategy Since delineation of thoracic vessels is
relatively easily achieved, CM delivery is
weighted toward adequate parenchymal and
soft-tissue enhancement. Large iodine doses

(0.5-0.6 g of iodine/kg BW) corresponding to
approximately 100-150 ml (depending on the
iodine concentration and on the patient’s body
weight) are required. Injection rates can be mod-
erate to slow; the scan delay should be long
enough to allow tissue enhancement (=60 s).

Dedicated biphasic acquisitions (with high
iodine administration rates) are also possible
with MDCT, where the first acquisition includes
the thorax and upper abdomen and the second
acquisition includes the abdomen and pelvis
(other sequences are also possible if the MDCT
scanner technology permits). Timing is opti-
mized for biphasic abdominal imaging, i.e., the
first acquisition should include the liver in a late
arterial phase (delay =tcyr+ 10 s, or delay =25 s)
and the second acquisition is obtained during a
hepatic parenchymal phase (delay=fcyr+40 s,
or delay 260 s).
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6 Advanced Contrast Medium
Considerations
6.1 Contrast Medium

Considerations in Patients
with Chronic Kidney Disease

Chronic kidney disease (CKD) is defined as either
the presence of kidney damage or glomerular filtra-
tion rate (GFR) measurement <60 ml/min/1.73 m?
for more than 3 months. CKD can be divided into
stages of renal dysfunction based on GFR:

Stage | Description GFR (ml/min/1.73 m?)

I Kidney damage with >90
normal or increased
eGFR
11 Mild CKD 60-89
111 Moderate CKD 30-59
v Severe CKD 15-29

\% Kidney failure <15 (or dialysis)

Direct measurement of GFR is time consum-
ing and may be clinically impractical. As a result,
renal function is typically estimated based on
laboratory tests and other variables such as age.
The result is an estimated GFR (eGFR). An easy
online calculator that follows the National Kidney
Foundation CKD-EPI guidelines (http://www.
kidney.org/professionals/KDOQI/gfr_calculator)
(Levey et al. 2009) is our standard method for
eGFR determination. Of note, the calculator uti-
lizes serum creatinine, age, sex, and race and cal-
culates results in ml/min/1.73 m? body surface
area (BSA). This result is useful to directly com-
pare renal function between individuals.
However, to directly calculate the most appropri-
ate CM dose, the result will need to be corrected
for body weight.

Larger numbers of cardiovascular CT proce-
dures are being performed today, including greater
utilization of CT in patients with underlying
CKD. Preexisting CKD has been recognized as a
risk factor for contrast-induced nephropathy (CIN).
The degree of potential deleterious impact from
CM administration in patients with CKD remains
controversial (Mcdonald et al. 2014), but the need
to protect renal parenchymal function is not. There
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Table 8 List sample calculations for three different
patient sizes, all with the same eGFR of 30 ml/min/1.73 m?

eGFR- Final CM
based CM volume
Patient body| volume (2 x| Adjustment for | available

weight (kg) | eGFR) BW (BW/75) | (ml)

50 2 x 50/75=0.67 40
30=60 ml

75 2 x 75/75=1.00 60
30=60 ml

100 2% 100/75=1.33 |80
30=60 ml

Generic (2 % BW/75 = total
eGFR) volume

is good pharmacokinetic and clinical evidence that
the ratio of the volume of CM administered to the
underlying degree of renal dysfunction can predict
the subsequent risk of CIN (Altmann et al. 1997;
Gurm et al. 2011; Laskey et al. 2007; Nyman et al.
2008; Sherwin et al. 2005). Specifically, a CM-to-
eGFR ratio of 3.7 has been found to offer optimum
discrimination between patients who will develop
CIN and those who will not (Laskey et al. 2007).
On a practical clinical level, a ratio of <2.0 has
shown no significant increased risk of CIN (Gurm
et al. 2011). As such, these findings can be used to
design a rational strategy for CM injection tailored
to the patient’s renal function and the clinical scan
parameters.

In patients with CKD, lower-concentration
CM (300 mg I/ml) can be utilized. The total CM
volume is calculated at two times the eGFR, cor-
rected for body weight (e.g., CM vol=2 x eGFR
x (body wt kg/75)). For example, for eGFR =30,
standard-sized (75 kg) patient would receive 2 x
30 x 75/75=60 ml CM for injection (Table 8).

6.1.1 Clinical Decision-Making

Once the maximal CM volume has been calculated,
it is imperative to then decide whether the clinical
question can be answered by utilizing only the
available amount of CM. Chest CT imaging, where
scan times for most applications are <10 s, lends
itself well to smaller CM volume administration
protocols. Other vascular territories, such as lower-
extremity CTA, require longer injection profiles
(FLEISCHMANN, et al. 2006) and may not be fea-
sible to assess at very small CM volumes.


http://www.kidney.org/professionals/KDOQI/gfr_calculator
http://www.kidney.org/professionals/KDOQI/gfr_calculator
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One instance deserves special mention: in the
acute setting and when dealing with life-
threatening emergent conditions, the risk of CIN
can be outweighed by the urgent need to obtain
relevant information to guide life-saving treat-
ment decision-making. In these instances,
standard doses and rates of CM should be uti-
lized, irrespective of renal function status.

6.2 Low-Energy/Low-Contrast

Imaging

Utilization of lower peak tube voltage (kVp) can
be employed in selected patients to help maxi-
mize signal from available CM, decrease patient
radiation dose, and/or provide greater arterial
enhancement (Fig. 5). Among others, these
techniques are valuable for pediatric patients,
smaller body-size adult patients, and patients
with CKD. Current-generation CT scanners
allow scanning at tube potentials lower than the
standard 120 kVp (e.g., 100 kVp, 80 kVp). At
lower kVp, the proportional absorption of x-rays
by iodine increases as the energy approaches
iodine’s K-edge of 33.2 keV. This phenomenon
translates into higher-observed attenuation val-
ues of CM-enhanced structures (Newton and
Potts 1981) However, a greater fraction of these
(lower-energy) x-ray photons are also absorbed
in tissue; therefore, tube current (milliampere,
mA) must increase to offset the increase in
image noise. It is possible, especially with older
scanners, that tube current output may be insuf-
ficient alone to prevent high image-noise acqui-
sitions. Current-generation scanners are best
suited to acquire high mA exams. In older scan-
ners, however, either slowing the pitch or gantry
rotation time (e.g., to 0.5 s) has the effect of
increasing photon flux per tube rotation and lim-
iting noise (at the expense of greater patient
dose).

In general, attenuation of iodine increases by
25 % from 120 kVp to 100 kVp and another 25 %
from 100 kVp to 80 kVp (Table 9). Thus, by
decreasing the tube voltage from 120 kVp to 80
kVp, one should observe approximately 50 %
increased iodine  attenuation. Conversely,
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increasing the tube voltage from 120 kVp to 140
kVp will decrease iodine attenuation by approxi-
mately 25 %. Although image noise also decreases
at high kVp imaging, attenuation also decreases,
with resultant limited benefit to signal-to-noise
ratio (SNR) at the expense of higher patient dose.

The observed effects of lower kVp imaging
can be leveraged to predict arterial enhancement
at lower kVp and to subsequently modify CM
injection protocols to obtain adequate diagnostic
quality at lower CM injection rates. Using this
strategy, the injection duration, scan time, and
any scan delays should be kept constant. The tube
current (mA) should be increased by 30-50 % for
each “step”’-down in kVp. Then, for each step-
down in kVp (e.g., 120-100 kVp and 100-80
kVp), an increase in attenuation should allow a
reduction in CM volume by 25 %. To maintain
similar noise levels when manually selecting
mA, depending on vendor, one could either select
the same noise level on the scanner (auto/smart
mA) or try to match the CTDI of the new (low-
kVp) protocol to the original (120 kVp)
protocol.
6.2.1 Disadvantages of Low-kVp
Imaging
The expected signal gain from CM administra-
tion may not be realized if small volumes (flow
rates) of CM are administered, either by design
(for low-kVp imaging) or as a result of CM
extravasation. Partial volume effects may also
limit the iodine concentration in a given voxel.
These phenomena, in addition to potentially
higher image noise at lower tube voltages, can
lead to significant SNR reduction if appropriate
corrections are not applied.

The increased mA required for lower kVp
imaging also requires a larger x-ray focal spot
size, resulting in focal spot blooming beyond
nominal size, which decreases spatial resolution
(Oh et al. 2014). In some situations where accu-
rate measurements are essential (e.g., TAVR
planning), accuracy and interobserver agreement
could be adversely affected. Newest-generation
scanner technology advances may also help
address this phenomenon (Oh et al 2014
Solomon et al. 2015).
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Fig.5 The use of low-kVp scanning to decrease patient
dose with preserved image quality. A 54-kg female patient
with chest pain presented for CCTA. 80 kVp tube voltage
was utilized, with prospective ECG synchronization and
iterative reconstruction techniques. Patient dose was

Table 9 Iodine attenuation at different kVp imaging

140 kVp 120 kVp

Iodine attenuation | — 25 % attenuation | —

compared to 120
kVp

Other limitations are also observed. At lower
kVp, the “signal” from calcium is also
increased, the blooming effect of vascular cal-
cifications and metal (valve prostheses, wires,
etc.) is more pronounced, and beam-hardening
artifacts may appear worse. The iodine concen-
tration in small vessels and along the periphery
of vessels is also less than in the center of large
vessels. Further, cardiovascular CT is usually
reviewed interactively at a 3D workstation.
Many of the 3D/4D post-processing and visual-
ization techniques utilized in clinical practice,
such as maximum intensity projection (MIP),
inherently amplify (or sum) image noise across
the slab thickness. In this scenario, small ves-
sels can be completely obscured by surround-
ing image noise.

100 kVp
+25 % attenuation

0.4 mSv. High degree of vessel enhancement with rela-
tively little background image noise is noted on both
curved-planar reconstructions (upper row) and slice-
through images (lower row)

80 kVp
+50 % attenuation

70 kVp
+70 % attenuation

Iterative Reconstruction
Techniques

Recent advances in computing processor
speed and image reconstruction algorithms
have allowed the use of iterative reconstruc-
tion (IR) techniques to improve CT image
quality. A full discussion of these techniques
is beyond the scope of this chapter; however,
brighter vessels and borders may be more
sharply defined with IR techniques, which
could be a benefit for smaller vessel assess-
ment. Poorly opacified vessels, however, may
be more difficult to define or distorted by arti-
facts. The use of IR techniques has yielded
images with lower noise to be acquired at
lower patient dose (Leipsic et al. 2010). Newer
model-based IR (MBIR) techniques allow

6.2.2
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even more substantial patient dose and noise
savings while maintaining diagnostic image
quality (Katsura et al. 2012).

Conclusion

A basic understanding of early contrast
medium dynamics provides the foundation for
the design of current and future CM injection
protocols for various clinical applications of
thoracic MDCT. Additionally, a thorough
knowledge of the technical and safety aspects
of the injection equipment and CM used is
necessary. Special considerations in patients
with chronic kidney disease can be employed
to optimize image quality and promote patient
safety. Recent advances in scanner technology
and image reconstruction algorithms allow
further refinement of image quality and patient
radiation dose. With these tools at hand, CM
utilization can be optimized toward the clini-
cal necessities while exploiting the full capa-
bilities of latest and continuously evolving
MDCT technology.
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Denis Tack and Vartika Appiah

Abstract

Technical parameters for MDCT acquisitions of the thorax are quite
numerous. These are usually set by default in acquisition protocols pro-
vided by the manufacturers. The aim of this chapter is to list and detail the
parameters chosen for CT acquisitions of the chest and heart in order to
adapt them accordingly to specific clinical conditions. A historical review
of these protocols since the early 1980s is presented. Parameters influenc-
ing the radiation dose have been mentioned in this chapter but are detailed
out further in another chapter of this edition.

1 Introduction

The remarkable improvement of CT technology
over the past 20 years has enabled us to overcome
the two major challenges of CT for imaging the
lungs and the heart: spatial resolution in three
dimensions and speed. Although this book refers to
multidetector CT of the thorax, we will begin our
technical description with a short historical review
of the performances of single-detector CT technol-
ogy for imaging the lungs. We will then proceed
with the description of CT protocols for imaging
on one hand the lungs and mediastinum and, on the
other hand, those for imaging the heart.
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2 Historical Review
of Acquisition Protocols
for Thoracic CT
2.1 The Era of Single-Detector CT:
1980-1999

In the 1980s, the rotation time of single-detec-
tor scanners ranged between 2 and 5 s, and each
rotation provided one slice. The cycle time
between two acquisitions was approximately
25 s. Between two slice acquisitions, the table
had to be moved to the next planned z-axis
(caudocranial) position. This acquisition mode
is known as being sequential. Two possible
slice thicknesses could be used but were usu-
ally not combined: thick-section CT and thin-
section CT.
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2.1.1 Thick-Section Chest CT

Imaging the entire chest required 30 acquisitions
of 10 mm thick slices, and this was named the
“standard” or “routine” chest CT protocol. The
slices were contiguous and in ideal conditions,
the entire chest was imaged without loss of ana-
tomical or clinical information. There were two
challenges for obtaining a perfect standard CT of
the chest: the patient had to be able to take 30
consecutive breath holds of 5 s in full inspiration
(total lung capacity), and the different breath
holds had to be reproducible between slices. If
not the case, lesions such as pulmonary nodules
up to 3 cm could be missed on axial slices
although seen on the topogram (scout view). The
information yielded by thick-section CT imaging
was also limited because of the slice thickness
and its partial volume effect. Small pulmonary
nodules, previously named ‘“micronodules,”
could be missed because their attenuation was
averaged with the air contained in the same slice.
Despite all, this technology had enabled substan-
tial advances in lung cancer staging (Frederick
1984; Graves et al. 1985; Brion 1985).

In the early 1990s, the new scanner generation
was improved by a higher rotation speed, enabled
by the continuous rotation of the tube and detec-
tors and interrupted only for a scout view or by
the end of the procedure. The acquisition time for
obtaining one slice in the sequential mode was
1-2 s, the table movement from one position to
the next one was very quick (1 s), and one was
able to perform cluster acquisitions, that is, to
obtain ten slices within one single full inspiration
of 30 s. Thus, the entire chest could be obtained
in three cluster acquisitions of 10 mm thick con-
tiguous slices. However, in order to reduce the
partial volume effect, the slice thickness usually
selected was 5 mm, and six cluster acquisitions
were needed to cover the 30 cm range of the adult
chest.

Reducing the number of breath holds improved
the patients’ collaboration and minimized the
risk of missing lesions by inadequate or non-
reproducible breath holds.

The 1990s saw a real technical revolution that
combined the advantages of the continuous rota-
tion of the tube and detector row to perform volu-
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metric acquisitions spirally (also known as helical
mode). This technique was developed by a German
physicist Willi Kalender ( Wikipedia — 2006).

This technique was first applied to single-
detector scanners in the 1990s and enabled the
acquisition of the entire chest in one single breath
hold of 17-35 s depending on the slice collima-
tion and pitch factor used (collimation: 10 mm
versus 5 mm; pitch: 1.0:1-1.5:1). Once the vol-
ume is acquired, one was able to reconstruct CT
slices from the raw data with the nominal slice
thickness of the acquisitions and with a free
selection of the increment. This spiral mode
improved significantly the detection of small pul-
monary lesions (Remy-Jardin 1993).

The helical mode also introduced the option of
post processing multiplanar reformats (MPR)
and allowed the beginning of a 3D viewing of
data. However, the resolution in the caudocranial
axis (the z-axis) was still weak when scanning
the entire chest because of the relatively high
slice thickness used for helical acquisitions. An
example of the progressive improvement of the
z-axis resolution between the single-detector CT
generation and a modern MDCT acquisition is
shown in Fig. 1. Thus, 3D imaging of the lung
was first developed with a restricted lung cover-
age, mainly for imaging pulmonary arteriove-
nous malformations (Remy 1994). Nevertheless,
the helical mode enabled the demonstration of
many new major clinical diagnoses and particu-
larly that of thromboembolic disease (Remy-
Jardin 1992; 1996a).

2.1.2 Thin-Section Chest CT

In order to investigate the lung architecture, the
partial volume effect of thick-section CT had to
be overcome. Researchers investigated and vali-
dated a new technique: the high-resolution CT
(HRCT) characterized by a slice thickness of
1-2 mm (Mayo 1987; Zerhouni 1985; Meziane
1988). As 300 slices would have been needed
with a cycle time of 25 s per slice, the technique
was not based on contiguous slices but on a sam-
ple of 25-30 slices with a gap of 10 mm between
slices. Correlation with pathology was very
promising for the diagnosis and follow-up of
interstitial lung diseases.
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Fig.1 Illustration of the caudocranial resolution obtained
in 2005 with a multidetector CT, in /995 with a single-
detector CT reconstructing images with 5 mm thickness,

In the 1990s, the thin-section helical acquisi-
tion technique was thereafter also used for obtain-
ing 3D images and maximum intensity projections
of the lung parenchyma for detecting micronodu-
lar patterns (Remy-Jardin 1996b) and for assess-
ing vessels in CT angiography (Diederichs 1996).

The Era of Multidetector CT:
From 2000

2.2

The end of year 1999 saw the dawn of a techno-
logical revolution in the multidetector CT. The
new introduced CT devices were equipped with
four detector rows. This enabled to provide
simultaneously four slices per rotation. The rota-
tion time had also been improved and was now
reduced to 0.5 s per rotation. The typical collima-
tions available for scanning the thorax were
4x Imm or 4x 1.25 mm depending on the manu-
facturer and 4x2.5 mm. With a pitch factor of
1.5:1, the acquisition time on the entire chest
(30 cm z-coverage) using a collimation of
4x1 mm and a rotation time of 0.5 s was 25 s.
With this collimation, the entire chest was recon-
structed with 250-300 overlapping thin sections
(i.e., 1.5 mm thickness and 1.2 mm slice inter-
val). For the first time since the invention of CTs
in the 1970s, the chest could be entirely acquired
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1995 1985

and in /985 with a single-detector CT acquiring 100 mm
thick slices

with a HRCT technique. By sharing the data
from two or more adjacent detector rows, these
scanner devices were also able to reconstruct
thick sections as used for “standard” or “routine”
CT. The selection of the reconstruction section
thickness was open, provided that this thickness
was equal or superior to the nominal collimation
at acquisition.

The radiation dose of 6 mSv delivered by a
4x1mm helical acquisition roughly corre-
sponded to the sum of the doses delivered for
routine (4.5 mSv) and for HRCT (1.5 mSv)
examinations  with  the  single-detector
CT. However, in the case of HRCT examinations
only, the multidetector scanners were not able to
acquire in sequential mode with 1 mm collima-
tion but used a 4 x 1 mm collimation with a radia-
tion dose of 4 mSv. Thus, the sequential mode
gradually gave place to the helical mode. In 2010,
according to a survey on technique and radiation
dose, very few of chest radiologists participating
were still using the sequential acquisition mode
in their routine practice (Molinari 2013).

The major breakthrough of the first generation
of multidetector scanners was, therefore, to
provide 3D imaging in routine with a reasonable
acquisition time.

Further development in the multidetector
technology was based on an increase in the num-
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ber of detector rows and in the X-ray beam width.
From 2 cm in 2002 with the 16 channel MDCT,
the X-ray beam width rapidly increased to 4 cm
(64 detector rows) and then to 8 cm (128 detector
rows) and finally to 16 cm (320 detector rows) in
2007.

With a further improved rotation time (0.3 s/
rotation), the 2010 scanner devices with 64 detec-
tor rows were able to scan the entire thorax in
2-3 s. This enhancement dramatically reduced
the motion artifacts and the resulting number of
low-quality acquisitions, as compared to the
four-detector-row device from the early 2000.

The latest improvement in terms of acquisition
speed was given by the dual-source technology.
Using simultaneously two X-ray sources and 4 cm-
wide detector rows with a 90° gap between them,
and using pitch factor of 3.2:1, the entire chest
could be scanned in helical mode within 0.3 s.
Thus, the motion artifacts from breathing and even
those from cardiac movements were almost no lon-
ger visible (Schulz 2012) while maintaining a lim-
ited radiation dose (Amacker 2012).

It is also possible to acquire the thorax using
two X-ray sources with two different tube poten-
tials: this technique is named dual-energy CT
(DECT) and will be briefly discussed hereafter.

3 Acquisition Protocols
for the Lungs
and Mediastinum

The clinical analysis of the lungs, pulmonary
vessels, and the mediastinum requires both reso-
Iution and speed. Thin sections provide the reso-
lution, while the large detector arrays together
with a high rotation speed provide the temporal
resolution.

3.1 Scan Parameters of Routine
CT and HRCT Examinations
3.1.1 Slice Thickness

In order to reduce the noise in reconstructed
images, the general rule is to scan with thin col-
limation and to reconstruct images with thickness
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slightly greater than that of the collimation. In
practice, with a 64-detector-row scanner device,
the collimation is 64 x 0.6 mm, 64 x0.625 mm, or
64 x 0.5 mm and depends on the device and man-
ufacturer. The reconstructed images used for
HRCT analysis and for volumetric analysis in 3D
can, hence, be thicker than the nominal collima-
tion and set at 1.0 mm. The reconstructed images
used for the picture archiving and communicat-
ing system (PACS) and sent to the patient’s
record are 3—5 mm thick. This thickness is justi-
fied as being a good compromise for reducing the
partial volume effect and to minimize the number
of slices sent to medical records and allows to cut
down on archiving costs.

3.1.2 Slice Increment

Volumetric thin-section datasets require an over-
lapping of 20-50 %. The reconstruction interval
of thin slices is usually adjusted between 0.5 mm
and 0.8 mm. Reducing this interval yields a
greater number of images. A 30 cm acquisition
will thus result in 400 thin-section images.

3.1.3 Reconstruction Algorithm

The reconstruction algorithms providing the best
visualization of the lung architecture is the high-
frequency one (Zwirewich 1989). The standard
or smooth algorithm, on the other hand, provides
the lowest noise and the best soft tissue resolu-
tion in the mediastinum. Each manufacturer pro-
vides many different algorithms.

Consequently, each chest CT will be recon-
structed twice: firstly for the lung parenchyma
and then for the mediastinum.

The principle of assigning a high-frequency
algorithm to the lungs and a soft one to the medi-
astinum has been globally maintained when
introducing iterative reconstruction techniques
for CT images (Singh 2011; Pontana 2013).

3.1.4 Window Settings

As a general rule in CT, the window center (WC)
has to be set at the average HU of the observed
tissues, and the window width (WW) has to be
large enough to visualize all the tissues of the
observed organ or body region. In DICOM for-
mat, a window setting can always be modified.
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Only default window settings are discussed
below.

The mediastinal reconstructions with soft tis-
sue kernel will be associated with a default win-
dow setting typically of 40/400 (WC/WW), and
the lung reconstructed images in high-frequency
algorithms will be associated with a default win-
dow setting typically of —600/1600 (WC/WW).

3.1.5 Tube Potential

The tube potential used for CT acquisitions of the
thorax was historically set at 120 KV. Since this
parameter highly influences the radiation dose
delivered, it is recommended to optimize it.
Radiation dose optimization is discussed further
in the book by Dr Paul Narinder.

As a general rule, examinations performed
with iodine contrast injection should take advan-
tage of higher iodine absorption at lower tube
potential (100 or 80 KV and even lower in pediat-
ric patients) (Sigal-Cinqualbre 2004; Durand
2014).

3.1.6 Tube Current: Automatic
Exposure Control

The tube current has to be adapted to the patient’s
attenuation. All modern CT scanners built after
2005 are equipped with an automatic exposure
control (AEC) device. This device varies from
one manufacturer to another. A good comprehen-
sion of the functioning mechanism of the device
by the radiology team is important in order to
maximize its efficiency. All systems are required
to set default image quality parameters, expressed
in “quality reference mAs” with Siemens scan-
ners, in mAs with Philips scanners and in noise
index with GE and Toshiba scanners. How AEC
interacts with tube current falls outside the frame-
work of this chapter, but the absolute rule is to
switch them on to reduce the delivered mAs and,
hence, dose in thin patients and to increase them
in large and obese patients (Mulkens 2005).

3.1.7 Pitch Factor

According to Silverman et al., the beam pitch factor
corresponds to the table feed by rotation divided by
the X-ray beam width (Silverman 2001). With sin-
gle-detector devices, the pitch factor could be set to
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1.5:1 without significant degradation of the slice
thickness and the partial volume effect of the recon-
structed slices. However, the tube current has to be
increased while increasing the pitch in order to
compensate for reduced signal per slice. Pitch factor
definition did not change between single-detector
CT devices and MDCT devices. It is however very
important to understand that the management of
tube current while modifying the table feed (and so
the pitch) differs between manufacturers. With
Siemens and Philips devices, an increase in table
feed (and pitch) is automatically compensated by an
increase in tube current in order to maintain the
same effective tube current time product (expressed
in mAs eff) defined as the tube current time product
divided by the pitch. With these scanners, the slice
collimation, the image noise, and the radiation dose
per slice are kept constant when modifying the table
feed. Table feed can thus be adjusted by the user in
order to adapt the acquisition duration to the
patient’s respiratory condition.

With GE and Toshiba scanners, the tube cur-
rent is not automatically adapted to the table
feed. Hence, any modification in the pitch factor
has to be compensated by a manual adjustment of
the tube current time product (mAs). In addition,
the slice thickness is highly sensitive to pitch
modifications on these devices. As this is practi-
cally quite complex and not intuitive at all, the
users of these devices never change the default
pitch factor of the CT acquisition protocol.

3.1.8 Use of lodine Contrast

The use of iodine contrast injection for CT exam-
inations of the chest depends on the clinical indi-
cation. While an iodine injection is mandatory
for CT pulmonary angiography and for ruling out
pulmonary embolism, it is not compulsory in
numerous other indications. Iodine is also used in
chest examinations combined with the abdomen
and pelvis for staging of carcinoma. Iodine injec-
tions are not necessary for assessing infiltrative
lung disease where the key of the image analysis
relies on the high resolution of the lung paren-
chyma and architecture. In acute chest pain,
unenhanced acquisition is required before CTA
in order to detect intramural aortic hematoma
(Lemos 2014).
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4 Acquisition Protocols for CT
Pulmonary Angiography
(CTPA)

4.1 General Rules

The acquisition and reconstruction parameters
suited for routine MDCT of the thorax with a
modern 64-multidetector device and as listed
above are sufficient to provide excellent analysis
of the lung vessels. The technical success in
CTPA acquisitions lies in the perfect enhance-
ment of the pulmonary vessels. It is generally
admitted that a minimum attenuation of 250 HU
has to be obtained in the pulmonary arteries.

4.2 Contrast Injection

Optimization for CTPA

The mechanisms of contrast injection and its
effects on vessel and parenchyma enhancement
are important to understand in iodine injection
optimization (Fleischmann 2003). The volume of
injected iodine for a CTPA examination is often
too high, and in numerous instances, the contrast
power injector is still running while the acquisition
is already finished. With CT scanner devices
necessitating 20 or 25 s for an acquisition, the vol-
ume of iodine contrast used was often 120—-140 ml
of 35-38% iodine and a flow rate of 3-5 cc per
second. The total iodine load seen in the literature
(Remy-Jardin 19964, b) was around 35 g. However,
with modern scanners the injected volume and the
corresponding iodine load have to be reduced.

4.3 Method for Reducing

the lodine Load in CTPA

Firstly, the Kilovolt has to be lowered from 120
to 100 or even 80 if the patient weighs less than
65 Kg.

Secondly, the flow rate should be adapted to
the patient: an old patient with possible heart
disease and altered left ventricular ejection frac-
tion would need 3 cc/s flow rate with a high-con-
trast iodine (35—40 g/100 ml iodine). A young
patient, and, in particular, a pregnant patient,
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will need a much higher flow rate of 5-6 cc/s
(Litmanovich 2014).

The acquisition box should then be set on the
scanner scout views (topogram), and the acquisi-
tion time needed should be noted (typically 12 s
with a 16 MDCT device, 2 s with a 128 MDCT
device, 1 s or less with a high-pitch acquisition).

The acquisition time, the time for breath-hold
instruction (typically 5 s) duration, and a reserve of
5 s should all be added. The sum will be around 12 s.

The total time when multiplied by the flow
rate (12 sx4 cc/s=48 cc) calculates the total vol-
ume of iodine contrast to obtain a perfect vessel
enhancement.

In practice, a CTPA examination in a patient
with an impaired renal function could be obtained
with 30 cc iodine volume, in particular if using a
tube potential of 80 KV.

The bolus tracking ROI in the main pulmo-
nary artery should be set at a threshold of 80—120
HU, with a delay of 10 s before beginning the
bolus tracking acquisition.

Finally, and most importantly, the patient must
be trained in order to avoid a Valsalva maneuver.
The latter is the main cause of non-enhancement
(11 % of CTPA examinations) and is due to a patent
foramen ovale (Henk 2003; Revel 2008). In order to
avoid the opening of a patent foramen ovale from a
Valsalva maneuver, the patient can be asked to sim-
ply not breathe and not to take a deep inspiration.

Note: the more the Kilovolt is lowered, the
lower the iodine load is needed.

The volume of iodine can be reduced up to 44 %
in a 100 KV acquisition as compared to a 120 KV
acquisition (Wang 2014). Using a new scanner
device capable of scanning adult patients at 70 KV
allows the iodine load to be reduced to less than
20 cc for a perfect CTPA examination.

5 Acquisition Protocols
for Coronary CT
Angiography

Coronary CT angiography (CCTA) requires both
high temporal resolution and high spatial resolu-
tion. Additionally, the ideal CCTA should also be
able to get rid of the blurring next to the calcium
plaques. This challenge has been overcome with
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the newest CT devices. Describing acquisition
protocols is non-exhaustible if we were to cover
all details of all CT devices and their pitfalls.
Nevertheless, the reduction of the radiation dose
being a huge challenge in cardiac CT and the pro-
tocol optimization with regard to radiation dose
has been addressed in a different chapter.

One common rule is shared by the CTPA
acquisition protocols: they all need ECG gating
(Mahesh 2007).

There are four main acquisition protocols for
CCTA: prospective sequential scanning, retro-
spective helical scanning, high-pitch scanning,
and volumetric scanning (Fig. 2). In order to
obtain a perfect delineation of coronary arteries
and to avoid movement artifacts, the heart rate
must be as low as possible, even with the fourth
generation of dual-source MDCT devices (Gordic
2014). The safety, efficacy, and indications of
beta-adrenergic receptor blockers to reduce heart
rate prior to coronary CT angiography have been
recently reviewed (Mahabadi 2010). Unless con-
traindicated, the use of beta-blockers should
always be considered in heart rates exceeding 60
beats per minute (BPM). This will impact on
both the quality and the radiation dose optimiza-
tion of the CCTA protocol.

The tube potential must be as low as possible
to optimize the iodine signal in the coronary
arteries, and the 2015 limit has been fixed at
30 ml iodine contract volume in a 70 KV CCTA
tube potential (Meyer 2014; Zhang 2014).

In ideal conditions, i.e., in patients with low
heart rate of 50 BPM, all CCTA acquisitions will
provide excellent image quality, and the choice of
the acquisition mode will be driven by the need
for radiation dose optimization. As a general
rule, high-pitch CCTA delivers lower radiation
doses than sequential (step-and-shoot) acquisi-
tions and even lower than helical acquisitions
with retrospective ECG gating.

Reconstructions for CCTA will always be as
thin as possible while using the same rules for
noise reduction as for any CT acquisitions: the
here abovementioned “scan thin-reconstruct
thick” rule. In practice, the detector collimation
will be of 0.6 mm and the reconstructed thickness
will be set at 0.7 mm. The increment can set at
0.4 or 0.5 mm.
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The tube current will be set by the AEC sys-
tem. It is not recommended to lower the tube cur-
rent in order to reduce the radiation dose because
there is a risk of missing lesions in distal arteries.

The reconstruction algorithms are specific to
each manufacturer and are optimized in order to
provide a good compromise between spatial and
soft tissue resolution.

Algorithms with a high frequency (more spa-
tial resolution and more image noise) are suitable
for assessing in-stent stenosis. Iterative image
reconstruction algorithms in coronary CT angi-
ography are useful to improve the detection of
lipid-core plaque (Puchner 2014) and the image
quality (Oda 2014).

The clinical limiting factors of CCTA are high
heart rates (unless one uses a dual-source scan-
ner), high calcium scores (long history of diabetes
mellitus in elderly), obesity (need for extremely
high tube power), and, most importantly, inability
to collaborate for a breath hold of 10 s.

6 Acquisition Protocols
for Dual-Energy CT

The principle of dual-energy CT acquisitions is
to obtain data with various tube potentials.
Ideally, in order to avoid movement artifacts, the
two acquisitions must be obtained simultane-
ously. Currently, two manufacturers provide this
technique. One manufacturer provides dual-
energy acquisitions by using two X-ray sources
and detector rows. One source uses a tube poten-
tial of 120 or 140 KV and the other source a tube
potential of 80 KV. The fourth generation of
dual-source scanner devices enables to select the
tube potentials in a range of 70-150 KV with
steps of 10 KV (Siemens Force, Forchheim,
Germany). The second manufacturer, GE
Healthcare, provides dual-energy technique with
one single X-ray source. A generator electroni-
cally switches the tube energies from 80 KVp to
140 KVp to acquire dual-energy images. Raw
data-based reconstructions enable to obtain
images virtually from a single kilovolt peak
source (Kang 2010).

A third manufacturer has developed the dual-
energy technique by building two layers of detectors,



66

D.Tack and V. Appiah
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2 spiral acquisitions
using 2 tubes in one beat

Fig. 2 Tllustration of prospective (step-and-shoot) ECG gating, retrospective ECG gating (helical), and high-pitch

(Flash) acquisitions for CT coronary angiography

one for soft beam located superficially and the sec-
ond one for hard beam located behind the first one.

Practically, the manufacturers have prepared
the dual-energy acquisition protocols and the
user can adjust very few parameters. In principle,
the dual-energy acquisitions are obtained with
similar radiation dose, as would be single-energy
CT acquisitions. This statement originally made
by the manufacturers still needs to be confirmed
in clinical trials.

7 Summary

Being aware of the different technical conditions
with modern MDCT devices is a huge advantage.
This allows having the adequate parameters to
provide the best image and adapt them to specific
clinical conditions when needed.
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Airways/Diffuse Lung Disease



Maxime Hackx and Pierre Alain Gevenois

Abstract

Abnormalities of the airways are found in a wide spectrum of diseases and
conditions, with CT features that can overlap. CT features include bron-
chiectasis/bronchiolectasis, mucous plugging, bronchial wall thickening,
and tree-in-bud pattern/centrolobular micronodules. They can be accu-
rately assessed through image processing available on a console or work-
station, such as MPR or VRT (SSD, minIP, and MIP). Recent advances in
software have provided airway tree segmentation and virtual bronchos-
copy navigation, as well as objective quantification of airway changes.
Future developments in this objective quantification and in the reduction
of the radiation dose are mandatory if CT is to play a more important role

in the routine diagnosis, prognosis, and monitoring of airway diseases.

1 Introduction

During a single breath hold, computed tomogra-
phy (CT) acquires volumetric raw data of the
entire chest of a particular patient, including the
airways from the first (i.e., the trachea) to the
tenth generations (Montaudon et al. 2009). The
images that are reconstructed from these raw data
allow the radiologist to assess focal, diffuse, and
large or small airway diseases. Small airways are
defined as those with an internal diameter less
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than 2 mm, corresponding to airways from the
fourth to the 14th generations of branching
(Hackx et al. 2012), and are at least partially vis-
ible at CT. As volumetric data are acquired and as
the majority of airway axes are not orthogonal to
the acquisition plane, reformatted images can be
obtained in various planes. On these planes, tech-
niques to display selected voxels will increase the
effectiveness of the radiologist’s assessment. In
addition, three-dimensional views of the airway
tree and virtual bronchoscopy navigation (VBN)
can also be displayed. Moreover, these three-
dimensional views are sometimes coupled with
dedicated algorithms that allow objective quanti-
fication of airway changes. Nowadays, objective
quantification is a major area of investigation in
CT of the airways, but as yet has no place in the
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routine assessment of airway diseases (at least
partly because of radiation issues). Consequently,
the other major field of investigation is radiation
dose reduction.

The routine assessment of airways at CT is
currently based on the depiction of several ele-
mentary airway CT features described in this
chapter. As airways are involved in a wide spec-
trum of diseases, the depiction of a combination
of various elementary airway CT features is com-
mon. However, in this chapter we detail a selec-
tion of important airway diseases and provide
an overview of other conditions with airway CT
features.

2 Scanning Protocol
and Image Processing
2.1 Scanning Protocol
As there is no consensus on CT acquisition
parameters, we provide here an example: colli-
mation of ~0.6 mm, with tube current at 80 mA,
tube potential at 120 kV, pitch of 1.4, and auto-
matic exposure control switched on. Nevertheless,
recent advances suggest that tube current could
be reduced to 20 mA (Dijkstra et al. 2013) and
tube potential to 80 kV when using CT of newer
generation and iterative reconstructions (Kim
et al. 2015).

There is also no consensus on the parameters
for reconstructing the images from the raw data.
Axial images with a slice thickness of ~1 mm and
a reconstruction interval of ~0.5 mm obtained
with a high-resolution reconstruction algorithm
would probably be the most appropriate for imag-
ing the airways. Intravenous injection of iodin-
ated contrast material is unnecessary when the
CT examination is specifically dedicated to imag-
ing the airways.

2.2 Cine Viewing and Multiplanar

Reformations

The analysis of axial images in cine mode
allows the bronchial division to be followed to
localize any airway lesion, and may serve as a
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road map for an endoscopy (Grenier et al. 2002).
A recent study revealed, however, that the addi-
tion of VBN (see below) to conventional bron-
choscopy improves the diagnosis performance
for peripheral pulmonary lesions of 30 mm or
smaller (Asano et al. 2015). Nevertheless, cine
mode can also be applied to multiplanar refor-
mations (MPR). MPR are indeed available in
any plane (most frequently the coronal and sag-
ittal planes), even along a particular airway. The
MPR are immediately displayed on the console
or workstation by loading the axial images. In
comparison with axial images, VBN, and mini-
mal-intensity projection (minIP), a recent study
revealed that MPR are the most useful for evalu-
ating airway stenosis and planning intervention
(Sundakamura et al. 2011). For instance, they
are particularly helpful in estimating the cranio-
caudal extension of an airway lesion (Figs. 1, 2,
and 3).

Three-Dimensional Views
and Virtual Bronchoscopy
Navigation

2.3

Several volume-rendering techniques (VRT) allow
three-dimensional views of the airways on the
console or workstation: shaded surface display

Fig. 1 Coronal reformation showing tracheal stenosis
caused by a mass (arrow) in a 75-year-old patient
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Fig. 2 (a) Axial image and (b) coronal reformation in a

patient with granulomatosis with polyangiitis showing
wall thickening of the left pulmonary bronchus causing

Fig. 3 Sagittal reformation showing mucous plugging
(arrow) in a 47-year-old patient

(SSD), maximal-intensity projection (MIP), and
minlP. All these VRT rely on mathematical formu-
las to determine for each voxel the portion of the
volume data to display, and how that portion
should be weighted. Differences in the images dis-
played are the result of variations in how voxels
are selected and weighted (Calhoun et al. 1999).
SSD is a process whereby apparent surfaces are
determined within the volume data and an image
representing the derived surfaces is displayed. For
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bronchial stenosis (arrows) in a 25-year-old patient. The
coronal reformation is helpful to estimate the craniocau-
dal extent of the stenosis

depiction of obstructive lesions in the airways, the
accuracy of SSD is lower than that of axial images
and MPR (Remy-Jardin et al. 1996). MIP and
minIP are two processes whereby the voxels with,
respectively, the maximal or minimal values are
displayed. These techniques may be helpful in
detecting subtle airway lesions, for instance an air
bronchogram in a consolidation/ground-glass
opacity (minIP), a mucoid impaction (MIP), or a
tree-in-bud appearance of centrilobular nodules
(MIP, Fig. 4). MinIP and MIP images can be dis-
played as two- or three-dimensional views
(Fig. 5a). For SSD, the accuracy of MIP is lower
than that of axial images and MPR for depicting
airway obstructive lesions (Remy-Jardin et al.
1996). Nevertheless, VRT may increase confi-
dence in diagnosing airway abnormalities (Ferretti
et al. 2000) and should therefore be used as a com-
plement to axial images and MPR.

Using other techniques, segmentation of the
airway tree and labeling of the bronchi can be
obtained. These techniques require various
dedicated software not available on every con-
sole or workstation (Hackx et al. 2012). For
segmentation of the airway tree, these software
packages are based on different region-grow-
ing algorithms (Wood et al. 1995). These algo-
rithms have in common that from a luminal
seed point, all contiguous voxels within an
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Fig. 4 Axial maximum-intensity projection of diffuse
panbronchiolitis shows centrolobular micronodules in
peripheral zones of the right lung in a 71-year-old patient.
Note the tree-in-bud pattern (arrow)

attenuation value range specific for airway
lumen are iteratively added. The results are
then refined with mathematical formulas that
differ between software suites. These results
can be displayed as an airway tree (Fig. 5a) or
as a bronchoscopy view allowing VBN (Fig. 6).
These segmentations of the airway tree are also
used as a first step before objective quantifica-
tion of the airways’ dimensions, as they allow
determination of the axis of an airway and sub-
sequently the determination of a plane orthog-
onal to this axis (measurement can be
performed on a such plane) (Fig. 7). Other
dedicated software shows promising results in
labeling the bronchi up to the subsegmental
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level (i.e., fourth generation) (van Ginneken
et al. 2008; Mori et al. 2009), which could be
of interest for automatic quantification of air-
way changes.

2.4  Quantification of Airway

Changes

Airway changes that occur in various diseases
(see below) can be quantified subjectively or
objectively by using dedicated software. In addi-
tion, this objective quantification can be direct
(through measurements of morphologic changes
in the airways) or indirect (through quantification
of small airway obstruction).

2.4.1 Subjective Quantification

The severity of elementary airway CT features
such as bronchiectasis/bronchiolectasis, mucous
plugging, bronchial wall thickening, and tree-in-
bud pattern/centrolobular micronodules can be
graded. Such severity grading can be used, for
example, in patients with cystic fibrosis (CF) or
chronic obstructive pulmonary disease (COPD)
(Brody et al. 2006; Hackx et al. 2015a). These
grades of severity can then be converted into
scores and correlated with pulmonary function
(de Jong et al. 2004).

2.4.2 Objective Quantification

Measurements of Airway Morphologic
Changes

Depending on the disease, morphologic changes
of the airways may consist in modifications of the
dimensions of their lumens, their walls, or both.
These dimensions can be measured using dedi-
cated software (Hackx et al. 2012) (Fig. 7). The
majority of these software packages are based on
algorithms that use the variation of the attenuation
values between the bronchial lumen, the bron-
chial wall, and the pulmonary parenchyma. As an
example, the Full-Width at Half-Maximum algo-
rithm spreads rays 360° from a seed point in the
lumen. Along each ray, the attenuation value pro-
file is considered: as the ray enters the wall, the



CT Imaging of the Airways 75

Fig. 5 Three-dimensional views of airways trees bronchomegaly; and (b) region-growing algorithm in a
obtained with two different techniques: (a) minimal- 25-year-old normal subject. Colors are functions of the
intensity projection in a 78-year-old patient with tracheo-  luminal dimensions

Fig. 6 (a) Axial image and (b) virtual bronchoscopy show the carina in the same 78-year-old patient as in Fig. 5a
(tracheobronchomegaly)
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Agg Inner Diam 2.97 mm

Fig.7 Objective quantification of airway wall and lumen
dimensions using dedicated software in a 25-year-old
patient: (a) selection of a subsegmental bronchus in the
right upper lobe on an airway tree obtained by a region-

attenuation will increase and thereafter decrease
as it passes into the pulmonary parenchyma. The
distance between the points where the attenuation
is halfway between the maximal and minimum
values of the wall and lumen and of the wall and
the pulmonary parenchyma is considered as the
airway wall thickness (Nakano et al. 2000, 2002).
Other software packages are mostly based on
algorithms that detect edges or abrupt changes,
such as between the lumen and the wall or
between the wall and the pulmonary parenchyma.
To our knowledge, there is currently no consensus
on which is the best dedicated algorithm.

As airway dimensions in a particular patient
may be very different regarding the location and
the generation of the airways, measurement
indexes such as the luminal diameter or the wall
thickness may differ substantially. Thus, besides
one-dimensional (diameter and perimeter) and
two-dimensional (area) measurement indexes,
two composite indexes have been proposed. The
first composite index is the percentage of the total
airway area occupied by its wall (WA%). The
mean WA% of the airways of a particular patient
can be calculated (with its standard deviation)
and used to characterize the airway tree (Nakano

Avg Outer Diam 5.78 mm

growing algorithm, which provides the airway axis (green
line); and (b) in a plane orthogonal to this axis, computa-
tion of airway dimensions using a full-width at half-
maximum-derived algorithm

et al. 2000, 2005). The second composite index is
the square root of the wall area corresponding to
an inner perimeter of 10 mm (\/ WAPI10). To
compute this index, each airway is plotted on a
graph, with the inner perimeter along the x-axis
and the square root of the wall area along the
y-axis. The slope of the straight relationship
between these two measurements is then calcu-
lated, and the value of the \/WAPIIO is deter-
mined to characterize the airway tree of this
particular patient (Grydeland et al. 2009). To our
knowledge, there is currently no consensus on
the best index or on the airways (number or gen-
eration) to consider. Nevertheless, \/ WAPI10
seems to present three advantages over WA%: it
does not have to be considered by generation, it
has no standard deviation when characterizing
the airway tree of a particular patient, and it
seems less influenced by the bronchodilation sta-
tus of the patient (Hackx et al. 2015b).

Quantification of Small Airways

Obstruction

Changes in dimensions of the small airways can be
indirectly assessed by quantifying air trapping. Air
trapping is defined as retention of air in the lung distal
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Fig. 8 (a) Inspiratory and (b) expiratory axial images
show tracheobronchomalacia characterized by a decrease
in cross-sectional area of the airway lumen in a 70-year-
old patient. Note the crescentic shape of the lumen

to an obstruction that can be seen on expiratory CT
scans as lung areas with less than normal increase in
attenuation (Hansell et al. 2008) (Fig. 8).
Consequently, the magnitude of change in attenua-
tion values between paired inspiratory and expiratory
scans reflects the extent of air trapping and is corre-
lated to pulmonary function. As some conditions
(e.g., pulmonary emphysema) correspond also to
areas of reduced lung attenuation, a precise range of
low-attenuation values should be considered to mini-
mize this confounding factor (Matsuoka et al. 2008).

3 Elementary Airway CT
Features

3.1 Bronchiectasis/

Bronchiolectasis

Bronchiectasis is an irreversible bronchial dilata-
tion that may correspond to one of the three fol-
lowing CT features: a bronchial dilatation with
respect to the accompanying pulmonary artery, a
lack of tapering of bronchi, or an identification of
bronchi within 1 cm of the costal pleural surface
(Fig. 9). MPR may help in the diagnosis of bron-
chiectasis (Chooi et al. 2003) as the lack of taper-
ing is sometimes difficult to detect on axial images

77

(arrow). These images also show air trapping in the right
lung characterized by areas with less than normal increase
in attenuation in comparison with the left lung

(Kang et al. 1995). Bronchiectasis may be classi-
fied as cylindrical, varicose, or cystic (Hansell
et al. 2008), and its severity can be subjectively
quantified in comparison with the diameter of the
adjacent pulmonary artery (Brody et al. 2000).

3.2 Mucous Plugging

A mucous plugging is a mucoid impaction in the
airway lumen, which is usually associated with a
bronchocele (bronchial dilatation) (Fig. 10). At
CT, the airway lumen is filled by mucus (generally
of soft tissue attenuation values) (Hansell et al.
2008). MPR may help in distinguishing mucous
plugging from a pulmonary nodule (Fig. 3).

3.3 Bronchial Wall Thickening

Bronchial wall thickening is defined as thick and
less well-defined bronchial walls (Hansell et al.
2010) (Fig. 11). The severity of bronchial wall thick-
ening can be subjectively quantified in comparison
with the diameter of the adjacent pulmonary artery
(Hackx et al. 2015a). To our knowledge, there is cur-
rently no objective definition of airway wall thicken-
ing. In smokers and ex-smokers, bronchial wall
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Fig. 9 Axial image of bronchiectasis: identification of
bronchi within 1 cm of the costal pleural surface (arrow)
in a 53-year-old patient

Fig. 10 Axial image shows a mucoid
impaction associated with a bronchocele
(arrow) in a 71-year-old patient
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thickness is related to gender, age, and smoking hab-
its (Grydeland et al. 2009). Nevertheless, the possi-
ble influences of weight and height remain unknown,
as are the values of bronchial wall thickness in
healthy subjects. Future advances in the objective
quantification of airway dimensions should establish
normal reference values.

34 Tree-in-Bud Pattern/

Centrolobular Nodules

The tree-in-bud pattern represents a centrilobular
branching structure (i.e., mostly pulmonary
micronodules) that resembles a budding tree. It is
most pronounced in the lung periphery and is
usually associated with lesions of the larger air-
ways (Hansell et al. 2008). MIP may help in
detecting the tree-in-bud pattern (Fig. 4).

4 Airway Diseases
4.1 Tracheobronchial Stenosis/
Dilation

Tracheobronchial stenosis may have various causes,
for instance tumor, inflammatory diseases (Table 1),
or fibrosis following surgery/radiotherapy.
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Fig. 11 (a, b) Two axial images of bronchial wall thickening: thick and less well-defined bronchial walls (arrows and
circle) in a 71-year-old patient

Table 1 Selection of various conditions that may affect airways, with corresponding airway CT features

Airway CT features

Tree-in-bud
Bronchiectasis/ | Mucous | Bronchial wall | pattern/centrolobular Bronchial

Conditions bronchiolectasis plugging | thickening nodules Air trapping | stenosis
Constrictive Yes, large - Yes, large - Yes -
obliterative airways airways
bronchiolitis
Diffuse Yes - - Yes, peripheral - -
panbronchiolitis airways (lower zone

initially)
Hypersensitivity - - - Yes Yes -
pneumonitis
Sarcoidosis - - - - Yes Yes
Granulomatosis Yes - Yes - - Yes
with polyangiitis
Respiratory - - Yes, large Yes Yes -
bronchiolitis airways
Pulmonary edema |- - Yes - - -
Ciliary dyskinesia Yes - Yes - - -
syndrome
Allergic - Yes - - - -
bronchopulmonary
aspergillosis
CT evaluation of a stenosis is more accurate with By contrast, tracheobronchomegaly (or

image processing such as MPR (Figs. 1 and 2),
minlP, or virtual bronchoscopy than with axial
images. More precisely, such image processing
might help in determining the extent of stenosis and/
or its underlying cause (Sundakamura et al. 2011).

Mounier-Kuhn syndrome) is a rare condition that
is associated with recurrent respiratory tract
infections, which is observed at CT as tracheal
and bronchial dilation (Brody et al. 2006)
(Figs. 5a and 6).
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4.2  Tracheobronchomalacia
Tracheobronchomalacia is an expiratory airway
collapse caused by abnormal flaccidity involving
the trachea and the bronchi, owing to the loss of
integrity of the airway wall structural components
(usually damaged cartilage). CT shows a decrease
in cross-sectional area of the airway lumen on
expiratory scans, which may have an oval or cres-
centic shape (Gilkeson et al. 2001) (Fig. 8).

4.3 Congenital Abnormalities

of the Airways

Congenital abnormalities of the airways include
ectopic bronchi, bronchial atresia, and bron-
chial variant. These abnormalities are better
depicted on three-dimensional views (VRT and
segmentation of the airway tree), but some indi-
rect signs can be depicted on axial images. For
instance, bronchial atresia appears at CT as a
characteristic triad: central bronchocele distal
to the atretic segment, hyperlucency, and hypo-
perfusion of the affected segment (Hansell
et al. 2008) (Fig. 12).

Fig. 12 Axial CT image of bronchial
atresia shows hyperlucency and
hypoperfusion of the affected segment
(arrow) in a 54-year-old patient
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Chronic Obstructive
Pulmonary Disease

4.4

COPD is associated with pathologic changes
involving both the airways (wall remodeling and
accumulation of inflammatory mucus in the lumen)
and the pulmonary parenchyma (emphysema) that
are related to the severity of the disease (Hogg et al.
1968, 2004). All these changes may contribute,
directly or indirectly, to airway wall thickening and
lumen narrowing. These changes can be quantified
at CT in proximal airways, which are surrogates of
morphologic changes at pathology in small air-
ways (Nakano et al. 2005). In addition, a recent
study suggested that airway wall thickening is one
of the CT features associated with severe exacerba-
tion of COPD (Hackx et al. 2015a).

4.5 Asthma

Asthma is associated with pathologic changes
involving the airways through wall remodeling.
While CT scans may be normal between exacer-
bations in patients with early asthma (Copley
et al. 2002), they may later show airway wall
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thickening, luminal narrowing, bronchiectasis,
and air trapping (Grenier et al. 1996). Similarly
to COPD, objective quantification of airways has
been applied to asthma and has revealed luminal
narrowing but possible wall thinning (Montaudon
et al. 2009; Lederlin et al. 2012).

4.6 Cystic Fibrosis

CF is an autosomal recessive disorder that affects
the consistency of the mucosal secretions and leads
to recurrent pulmonary infections. CT scans may
show airway wall thickening, bronchiectasis, and
mucous plugging. As these CT features are pro-
gressive during the disease, subjective quantifica-
tion through scoring systems including these
features has been developed for longitudinal
assessment. In addition, these scores are correlated
with pulmonary function (Brody et al. 2006; de
Jong et al. 2004). Similarly to COPD and asthma,
objective quantification of airways has been applied
to CF, and has revealed airway wall thickening and
luminal enlargement (Montaudon et al. 2007).

Overview of Various
Conditions with Airway CT
Features

4.7

An arbitrary selection of various conditions that
may affect airways is shown in Table 1 with cor-
responding airway CT features (Hansell et al.
1997, 2010; Bartz and Stern 2000).

Conclusion

Airway abnormalities are found across a wide
spectrum of diseases and conditions, among
which CT features can overlap. They can be
accurately assessed and quantified through
various image processing modalities and dedi-
cated software tools. Recent advances have
focused on the objective quantification of air-
way changes and radiation dose reduction, two
complementary fields of investigation in CT
imaging of the airways. CT will continue to
play important roles in the diagnosis, progno-
sis, and monitoring of diseases of the airways.
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Abstract

The population of patients suffering from chronic obstructive pulmonary
disease (COPD) and asthma is heterogeneous, complicating therapy man-
agement and scientific analysis. Owing to the rapid technical improve-
ments in imaging techniques in the past years, research has succeeded in
gaining further insights into the different manifestations of obstructive
pulmonary disease. Whereas the main parameters for differentiation and
categorization of the disease in the past were pulmonary function tests and
pathologic examinations, computed tomography (CT) has now made it
possible to visualize alterations in the airway and parenchymal architec-
ture induced by COPD in vivo and in unprecedented detail. The visual
differentiation of COPD is currently given by the two major radiologic
phenotypes, namely the airway predominant and the emphysema predom-
inant type of COPD. Further objective and reliable categorization and
classification of the different manifestations via computer-aided analysis
of pulmonary CT examinations is an important goal of recent research in
pulmonary imaging. While much innovation and improvement have
already been made, finding a conclusive system of parameters that allow
for a reliable and quantitative classification of the different imaging fea-
tures of COPD remains a task to be completed. In this chapter we provide
a fundamental insight into the particular imaging patterns and provide a
technical basis for the use of CT in COPD. Furthermore, we illustrate the
current state-of-the-art technologies in imaging analysis and the results of
recent research in typecasting COPD with clinical correlation.
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changes. The underlying pathophysiology in
both cases exists in inflammatory reaction of
bronchial structures. In COPD the pathologic
changes occur in a chronic manner, with possible
additional destruction of pulmonary parenchyma,
whereas in asthma exogenous or endogenous
stimuli primarily lead to rather acute and (more
or less) reversible bronchial reaction. While a
clear stratification of asthma, especially in terms
of sharp quantitative criteria, is currently lacking,
COPD can be differentiated distinctly by the
GOLD classification (Pauwels et al. 2001), which
categorizes the severity of physiologic impair-
ments on the basis of objective parameters mea-
sured in pulmonary function tests, such as the
forced expiratory volume in 1 s (FEV,, see
Table 1) to name the most important.

However, despite this sharp quantification the
group of patients suffering from COPD shows
wide heterogeneity regarding the manifestation
site of pathologic changes. In some individuals
repetitive inflammatory bronchial reaction with
consecutive airway remodeling and chronic bron-
chial destruction dominates the course of the dis-
ease, whereas in others parenchymal destruction
leading to emphysema is the prevalent feature.
Similar inhomogeneity is also found in the group
of patients suffering from asthma. Characteristic
symptoms and severity can vary widely in differ-
ent patients but also in the individual person.
Additionally, there is significant overlap in
COPD and asthma, complicating both therapy
management and scientific statistical analysis
(Coxson et al. 2009). Recent research therefore
aims at phenotyping airway disease by categoriz-
ing and quantifying pathophysiologic changes,
such as either emphysema or airway affection in

Table 1 The GOLD classification

Stage | FEV,/FVC FEV,

1 <0.7 Normal

2 <0.7 <80 % predicted
3 <0.7 <50 % predicted
4 <0.7 <30 % predicted

Global Obstructive Lung Disease system used to classify
the severity of airflow limitation (Rabe et al. 2007)
Abbreviations: FEV, forced expiratory volume in 1 s, FVC
forced vital capacity
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COPD or the presence and amount of airway wall
thickening and ventilation defects in asthma.
Although the recovered information might not
always be useful in the differential diagnosis, it
should, however, help to define distinct sub-
groups of patients for better therapy management
and monitoring, with benefits in personalized
care.

While the main diagnostic tools in the past
and present are physiologic parameters in pulmo-
nary function tests as already stated, imaging fea-
tures play an increasingly important role in the
context of phenotyping, concerning especially
the possibility of directly visualizing characteris-
tic changes in bronchial and parenchymal struc-
ture. Magnetic resonance imaging (MRI) has
proved to be very useful in functional examina-
tion of the lung such as perfusion imaging, but
also, for example, in illustration of ventilation
distribution using hyperpolarized noble gases
(Aysola et al. 2010; Fain et al. 2010). For direct
rendering of bronchial anatomy and bronchial
wall thickness, and also for depiction of air trap-
ping and interstitial alterations, computed tomog-
raphy (CT) is the main workhorse in daily
practice. With ongoing technical improvements,
even dynamic CT examinations of tracheobron-
chial instability are possible and are becoming
increasingly common in clinical practice (Heussel
et al. 2001).

In this chapter, general technical aspects and
common imaging patterns in obstructive lung
disease and emphysema are discussed, with spe-
cial focus on new techniques in imaging analysis
and their use in typecasting different phenotypes
of airway disease.

2 Pathophysiology

COPD usually originates from exogenous inhaled
irritants, predominantly cigarette smoke. Chronic
irritation provokes an inflammatory response in
the respiratory epithelium triggered by neutro-
phils, CD8-positive T lymphocytes, B cells, and
macrophages. The initiated inflammatory cas-
cade is accompanied by the release of inflamma-
tory mediators. Tumor necrosis factor alpha
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(TNF-a), interleukins (IL-1, IL-6, IL-8), inter-
feron gamma (IFN-y), matrix metalloproteinases
(MMP-6, MMP-9), C-reactive protein (CRP),
and fibrinogen sustain and promote the inflam-
mation. Locally, this process leads to tissue dam-
age of airways on the one hand and destruction of
lung parenchyma on the other (Barnes 2008).
On the airway side, the primary reaction con-
sists in thickening of bronchial walls by hypertro-
phy of smooth muscle cells (Chung 2005). Driven
by chronic inflammation, remodeling of the
whole bronchial wall finally leads to deformation
and widening of the bronchial lumen. A common
feature in COPD patient is bronchial diverticula
as another manifestation of bronchial remodel-
ing. Emphysematous changes are promoted by
inflammatory cells, which induce apoptosis of
epithelial and mesenchymal cells. In conse-
quence, proliferation of mesenchymal cells and
synthesis of extracellular matrix is impaired. The
first pathologic descriptions and also later micro-
CT studies showed that emphysema is most prob-
ably initiated by a primary lesion within a single
acinus consisting of destroyed respiratory bron-
chioles. These lesions coalesce to form centri-
lobular lesions supplied by one pathologic,
wall-thickened bronchiole with a tortuous path-
way (McDonough et al. 2011; Mc 1957a, b;
McLean 1956, 1957). The centrilobular lesions
may progress to form advanced types of emphy-
sema. These findings suggest that emphysema in
COPD may be initiated by small airway disease.
In small airways, inflammatory scarring leads to
wall thickening accompanied by peribronchiolar
infiltration, which finally leads to a loss in termi-
nal bronchioles; for example, in stage 4 COPD a
loss of up to 90% of terminal bronchioles is
reported. Small airway disease is found in COPD
patients suffering from emphysema-predominant
disease but also in patients with predominant air-
way obstruction. Sometimes small airway dis-
ease is the only or the first expression of COPD,
which supports the thesis that small airway dis-
ease is the initial stage of ongoing pathologic
changes in COPD. Small airway disease is pre-
dominantly triggered by smoking but sometimes
is also found in non-smokers, in whom it is most
probably induced by environmental pollutants.

In asthma, acute attacks are characterized by
rapid inflammatory reaction of bronchial epithe-
lium to an allergic antigen but sometimes also to
exogenous physical stimuli like cold air for
example, or even endogenously triggered without
any identifiable physical cause. Mediated by Th2
cells and B cells, mast cell degranulation is trig-
gered within minutes, which leads to massive
edema and hypersecretion of mucus glands.
Vascular permeability is increased. Eosinophilic
cells and neutrophils are recruited and in a later
phase of the reaction (hours) lead to destruction
of mucociliary glands and smooth muscle cell
hypertrophy (Barnes 2008). Over time, repeated
and chronic inflammation in asthmatic patients
also leads to bronchial remodeling, as in COPD.

3 Scanning Protocols

3.1 Standard Settings
Modern multidetector CT (MDCT) scanners cre-
ate volumetric data with isotropic voxels within
5-20 s. Because of these fast acquisition times it
is possible to scan the whole thorax in one breath-
hold cycle, even in dyspneic patients. The scan is
usually carried out in inspiration without admin-
istration of contrast medium. For the evaluation
of air trapping, an additional expiratory scan can
be considered. It can be carried out in a low dose
setting, e.g., with a tube current—time product of
about 20-80 mAs, whereas standard dose set-
tings should be carried out at about 50-150 mAs
to achieve acceptably low image noise (Kauczor
et al. 2011). Tube voltages of 100-120 kV are
sufficient. Preferably low collimation should be
used, as it is essential for high spatial resolution.
Currently minimum achievable resolution
reaches from 0.5 to 0.75 mm slice thickness, so it
is possible to create a three-dimensional high-
resolution CT (HRCT) volume dataset (Table 2).
Some authors promote the use of physiologic
triggers to control for maximum inspiration or
expiration during the scan. Especially for follow-
up examinations and/or software-based image
analysis, the additional accuracy and standard-
ization may be of high importance.
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Table 2 Proposed routine CT technique for COPD
imaging

Detector lines 16 or more
Pitch 1-1.4
Acquisition collimation 1.25 mm or less
Tube voltage 100-120 kV
Effective tube current time 50-150 mAs
product

Contrast No
Reconstruction algorithms Smooth and sharp
Reconstruction slice 0.6-1 mm
thickness

Reconstruction interval 0.5-0.9 mm
Reconstruction field of view Lungs only

Yes, at lower mAs,
e.g. 20-50

Abbreviations: kV kilovolt, mA milliampere, s second, mm
millimeter

Expiratory scan

3.2 Contrast

When contrast agents are administered, addi-
tional iodine distribution maps can be generated
by subtraction of non-enhanced data from con-
trast scans or by dual-energy CT. Iodine maps
allow for the investigation of perfusion distribu-
tion (Pansini et al. 2009; Remy-Jardin and Remy
2008; Wildberger et al. 2005). Recently even the
administration of a noble gas, namely xenon, as a
more sophisticated approach was reintroduced in
dual-energy CT, whereby early ventilation
defects and gas retention could be visualized
(Chae et al. 2008; Park et al. 2010).

It is important to note that administration of
iodine contrast medium affects software-based
image analysis. Contrast and non-contrast scans
are not comparable in longitudinal follow-up
comparison, especially with regard to CT-based
emphysema quantification (Heussel et al. 2009).
More information on this topic is be provided in
the postprocessing section.

33 4D Examinations

A special case is the implementation of dynamic,
four-dimensional (4D) examinations to gain
additional functional information on breathing
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mechanics (Dinkel et al. 2009). As in cardiac
CT, a physiologic trigger is needed to acquire
images of a specific breathing phase. As respira-
tory triggers external optical sensors, e.g., infra-
red lasers or belt-mounted pressure sensors,
spirometers or nose thermometers are used for
gating. Both prospective gating and retrospec-
tive sorting can be performed. A retrospective
gating technique is the so-called cine mode,
whereby the table is still during one breathing
cycle and then moves to the next position, where
the subsequent part of the lung is scanned.
Afterward, all of the pieces of each respiratory
phase are put together to create a total volume
data set of the lung and/or tracheobronchial tree.
Another technique is continuous acquisition of
the whole chest in free shallow breathing with
registration of the respiratory movements by a
belt system, allowing for retrospective gating of
the data set. Because the acquisition can be per-
formed at the lowest possible exposure parame-
ters and may be reconstructed with iterative
reconstruction algorithms, the radiation dose is
usually not higher than that used with average
low-dose CT (Wielputz et al. 2014). In cardiac
CT, prospective step-and-shoot acquisition as a
low-dose alternative to dose-intense retrospec-
tive gating is becoming more widespread.
Similarly to cine mode, the examination volume
is split up into individual slices corresponding to
the width of the detector. At each position, image
acquisition only takes place during the desired
physiologic phase. Obviously this technique has
the potential to reduce radiation exposure,
although dedicated reconstruction algorithms
are essential for adequate image quality. As
high-end state-of-the-art scanners cover 256,
and sometimes 320 detector lines, the beam
geometry resembles a cone, which gives rise to
so-called cone-beam artifacts, which are costly
to remove. At present only preliminary results
on lung imaging exist using this technique.

34 Image Reconstruction

Standard image reconstruction should encom-
pass sharp and smooth algorithms. The use of
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iterative reconstruction algorithms has the
potential for dose reduction by reducing image
noise, especially in low-dose scans (Pontana
et al. 2011). However, as the effects of iterative
image reconstruction on quantitative parame-
ters are still under investigation, it generally
cannot be recommended in cases where post-
processing with quantitative image analysis
should be performed (Nishio et al. 2012; Mets
et al. 2012). Reconstruction increment should
be about 80 % or less of slice thickness to guar-
antee sufficient overlapping of slices. By tar-
geting the reconstruction matrix onto the lungs
only, spatial resolution can be further opti-
mized. The perception of tracheobronchial
anatomy and its alterations can be enhanced by
multiplanar reformations (MPRs). With this
technique, for instance, a set of coronal slices
orientated along the longitudinal course of the
trachea can be created for better depiction and
measurement of tracheal stenosis. The maxi-
mum-intensity projection (MIP) technique
projects the highest attenuation value of the
voxels on each view through a predefined vol-
ume onto a two-dimensional image (Beigelman-
Aubry et al. 2005). When inflammatory changes
are present in the bronchiolar wall and lumen,
the bronchioles may become visible on CT
scans as small centrilobular nodular and/or lin-
ear opacities. The application of the MIP tech-
nique with the generation of 4- to 7-mm-thick
slabs may increase the detection and improve
the visualization of these small centrilobular
opacities (Brillet et al. 2008). The minimum-
intensity projection (minlP) is a simple form of
volume rendering that is able to visualize the
tracheobronchial air column in a single viewing
plane. The pixels encode the minimum voxel
density encountered by each ray. Because of
lower attenuation of the air contained within
the tracheobronchial tree compared with the
surrounding pulmonary parenchyma, minIP is
highly suitable for visualization of the airways.
This technique displays only 10 % of the data
set and is also an optimal tool for the detection,
localization, and quantification of ground-glass
and linear attenuation patterns (Beigelman-
Aubry et al. 2005).

4 Distinct Imaging Patterns

4.1 Wall Thickening

In both COPD and asthma, thickening of bron-
chial walls is one of the main characteristics
reflecting the initially dominating pathophysio-
logic alteration. While extensive bronchial wall
thickening can sometimes be seen on a plain
radiograph of the chest, CT can identify already
discrete changes. Bronchial walls are depicted as
hyperdense rings around the cross sections of
bronchi when they meet in or near to a right angle
to their long axis (Fig. 1). Wall thickness can be
evaluated regarding absolute values or with
respect to the ratio of wall thickness to bronchus
lumen. Usually wall thickening is heteroge-
neously distributed in COPD patients. Subjective
assessment or manual measurements are cur-
rently the usual method of evaluation in daily
reporting practice, although inter-rater agreement
is not particularly good. As an alternative, com-
puter-based postprocessing analysis is able to
detect wall thickening more objectively. Further
detail on this topic is provided in the postprocess-
ing section.

4.2 Remodeling

and Bronchiectasis

Bronchial wall alterations and cartilage involve-
ment resulting from chronic inflammation are
common features with higher prevalence in
advanced COPD than in asthma, although remod-
eling takes place in asthma as well, but can be
more sufficiently avoided or damped by medici-
nal therapy. In early stages of bronchial wall
remodeling, the only visible change exists in
thickening of the bronchial wall from smooth
muscle hypertrophy. A clear differentiation from
acute, reversible changes is not possible morpho-
logically and can only be inferred from clinical
context or follow-up examinations. In advanced
stages further irreversible changes occur: because
of scarring of bronchial walls and destruction or
atrophy of cartilage, the natural tapering of bron-
chus lumen from proximal to distal is lost. On
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Fig. 1 Bronchial wall thickening. Transversal CT slices of a patient with bronchial wall thickening (arrows)

transversal slices the phenomenon is best seen in
the hilar region, where segmental bronchi are cut
longitudinally by the viewing plane (Fig. 2).
Alternating dilatation and narrowing of the bron-
chial lumen can be accompanied by bronchial
wall thickening but is also seen without thicken-
ing in many cases of late-stage COPD. By defini-
tion, the bronchi should have inner diameters of
maximally the width of the accompanying vessel.
Bronchiectasia is present when the inner lumen of
a bronchus is larger than the accompanying vessel

(Fig. 3). The dilated bronchi can be (partially)
filled up with secretion, detritus, or pus. This find-
ing is also referred to as mucus plugging or mucoid
impaction, and can be seen in exacerbations but
also as a chronic feature in COPD patients.

4.3 Treein Bud

The aforementioned imaging findings mainly
refer to the more central airway structures, but
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Fig.2 Bronchial remodeling. Transversal CT slice of the
right lung in advanced COPD. Ectasia and alternating
widening and constriction of bronchi can be seen

Fig.3 Bronchial ectasia. Transversal CT slice of a patient
with slight bronchial ectasia. The bronchi in the lower
lobes especially have significantly wider diameters than
accompanying vessels

in asthma and COPD the small airways also
may be affected. In healthy lung tissue, bron-
chiolar structures have a diameter of less than
0.1 mm and therefore are not visible on
CT. However, bronchial wall swelling and peri-
bronchiolar infiltration become visible as con-
densation along the dendritic peripheral bronchi
with nodular opacities on their tips in the cen-
ters of secondary lobules. The appearance
resembles the geometry of a tree with buds on
its branching (Fig. 4). A tree-in-bud pattern can
often be found adjacent to secretion-filled
bronchi.

Fig. 4 Tree-in-bud sign. Transversal and coronal MIP
images of a patient with centrilobular nodules at the “tips”
of the arterial tree

4.4 Air Trapping/Mosaic

Perfusion

An indirect sign of small airway disease is air
trapping. Normally, the density of lung paren-
chyma increases during expiration as the volume
of air declines. When airflow during expiration is
impeded through narrowing or closure of bron-
chial lumen, the lung sections distal to the clo-
sure site remain inflated. Consequently the
expiratory increase in density is missing, and the
affected lung area markedly delimits as a
hypodense area from the surrounding lung tissue
on expiratory scans (Fig. 5a—c). The hypodensity
is not solely attributable to (hyper-) inflation, but
also to reduced perfusion. Owing to hypoxic



Fig. 5 Air trapping. Three examples of air trapping.
Subtle demarcation of hyperinflated areas in the dorsal
lower lobes in (a). Marked air trapping in the left lower
lobe in (b), and in both lower lobes in (¢)

vasoconstriction, the Euler—Liljiestrand mecha-
nism, inadequately ventilated lung sections are
less perfused than well-aerated areas. The smaller
blood volume caused by the constricted vessels
leads to lower regional attenuation. Clear differ-
entiation between trapped air and hypoperfusion
without contrast is not possible, particularly in
view of the fact that the oxygen concentration in
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Fig.6 Mosaic perfusion. MinIP reconstructed transversal
slice of basal sections of the thorax in a patient with
mosaic perfusion. Min/P minimum-intensity projection

trapped air is degraded. In the context of small
airway disease, very heterogeneous ventilation
with distribution patterns of varying density in
adjacent secondary lobules can be present, which
is depicted as a mosaic-like distribution of hyper-
and hypodense areas on cross-sectional lung
images, also known as mosaic perfusion (Fig. 6).
One must note that a certain amount of air trap-
ping, up to 25 % of affected cross-sectional lung
area, is considered physiologic. Abnormal air
trapping is a hallmark of small airway disease
and is associated with a variety of lung diseases,
including COPD, bronchiectasis, bronchiolitis
obliterans, and asthma.

4.5 Emphysema

Pulmonary emphysema is characterized by a
decreased attenuation of lung tissue on CT
imaging. A typical cutoff value is —950 HU. An
area of lung tissue with attenuation below this
value is typically considered as emphysema-
tous. Pulmonary emphysema takes different
shapes and distribution patterns. Centrilobular
emphysema (CLE) is distributed among the
center of pulmonary lobules, and the vessel
diameters are not reduced (Fig. 7a, b). As
already stated in the pathophysiology section,
centrilobular emphysema is thought to be the
initial stage of emphysematous destruction in
COPD.
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Fig. 7 Centrilobular emphysema. (a) Transversal CT
slice of a patient with early centrilobular emphysema
depicted as small, circumscript, hypodense areas (arrow).
(b) Transversal CT slice with centrilobular emphysema;
details magnified. Hypodense areas are less subtle than in
(a). A greater amount of the secondary lobules is destroyed
by emphysema; some of the centrilobular lesions are con-
fluent. Vessels have normal diameters. The central arteries
in some of the polygonally shaped lobules are slightly vis-
ible (arrows)

A special type of centrilobular emphysema,
which is localized mainly in subpleural area, is
called paraseptal or distal acinar emphysema
because mainly the distal sections of secondary
acini are affected, which leads to the dominantly
subpleural distribution (Fig. 8). In combination with
hyperinflation emphysematous bullae can develop,
which can take small to giant diameters, sometimes
covering large amounts of intrathoracic volume.
Distribution patterns of emphysema show great
variation: apical or basal predominance, but also
localized emphysematous destruction of singular
lobes or homogeneous distribution over the whole
lung, are possible. A frequent depiction in smokers
is a centrilobular emphysema, predominantly

Fig. 8 Paraseptal emphysema. Coronal and transversal
reconstructions of a CT scan in a patient with apical pre-
dominance of centrilobular emphysema. In both apices
paraseptal emphysema is present

located in the apical lung segments, although differ-
ent manifestations exist.

In advanced stages of COPD any initial type of
emphysema can transform into the aspects of so-
called panlobular emphysema, which is character-
ized by homogeneous distribution over large areas
or the whole lung. Evenly distributed rarefication
of small vessels and bronchial structures, reduced
vessel diameters, and homogeneous degradation
of lung tissue is the typical impression on CT
images. It is proposed that the term panlobular
emphysema should be reserved for the type of
emphysema found in al-antitrypsin deficiency, as
a clear correlation with its cause is given in this
case. Therefore, to describe advanced panlobular-
like centrilobular emphysema in COPD the terms
coalescent centrilobular and advanced destructive
emphysema (ADE) are proposed (Fig. 9).
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4.6 Impaired Breathing

Mechanics

As progressive inflammation throughout the tra-
cheobronchial tree may lead to malacia of cartilagi-
nous airways, acquired tracheobronchomalacia is a
common feature in COPD. It is defined as an expi-
ratory collapse of the tracheal and/or bronchial
lumen to less than 50 % of the original diameter. It
has to be distinguished from excessive dynamic
airway collapse, which is characterized by an
excessive bowing of the posterior membranous
part of the trachea. Usually the diagnosis is found
via bronchoscopy, but severity estimation is not
standardized and highly user dependent. With the

Fig. 9 Advanced destructive emphysema. Transversal
CT slice of a patient with advanced COPD. Extensive
destruction of pulmonary parenchyma with rarefication
and reduction of vessel caliber is present in the right lung.
Note bronchopathia on the left hilar region
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possibility of dynamic CT examination the col-
lapse can be made visible non-invasively and a bet-
ter standardization of evaluation made possible. In
advanced COPD an irregular, asynchronous ven-
trocranial movement of the diaphragm and chest
wall has been demonstrated (Fig. 10a—c), which is
thought to be a result of a rather complex mecha-
nism induced by emphysema. When the whole tho-
rax is covered by dynamic 4D examination, such
atypical breathing mechanics can additionally be
detected, which is not possible via bronchoscopy.

4.7 Pulmonary Fissures

Usually the right lung is separated into three lobes,
i.e., the upper, middle, and lower lobes. The mar-
gins of the distinct lobes consist of visceral pleura,
which manifests as interlobular septa between the
lobes. The left lung is composed of the upper and
the lower lobe. The lingula, as the anatomic equiv-
alent to the middle lobe, is normally not separated
from the upper lobe of the left lung. Consequently
there is a right oblique and a right horizontal sep-
tum, but only one oblique septum on the left.
Recent studies showed that in practice these fis-
sures are often incomplete (see Fig. 11a, b), and
more patients than previously expected have par-
enchymatous connections between different lobes
(Koenigkam-Santos et al. 2013a). This fact is rel-
evant in COPD patients suffering from severe

Fig. 10 Atypical movement. 4D-CT of a patient with paradoxic movement of the diaphragm with ventral and cranial
dislocation (arrow). Expiration in (a), early inspiration phase in (b), and full inspiration in (c)
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Fig. 11 Incomplete fissures. Coronal reconstruction of
chest CT in a patient with a parenchymatous connection
between right upper and middle lobe (a) and also between

emphysema, as the possibility of novel treatment
options for emphysema, namely endoscopic lung
volume reduction (ELVR), especially by the
implantation of valves, may be hampered by
incomplete fissures. The principle of ELVR by
valves consists of the closure of a lobar bronchus
belonging to a lung lobe which is severely affected
by emphysema and hyperinflation. After the func-
tional closure of the bronchus the emphysematous
lobe collapses, in optimum cases giving more
space to functional lung parenchyma and improv-
ing respiratory mechanics (Fig. 12). When paren-
chymal connections between different lobes are
present, this mechanism is destined to fail partially
or completely because of collateral ventilation
from one lobe to the other. Thus, the radiologic
evaluation of completeness of fissures is gaining
relevance as ELVR is being adopted.

5 Postprocessing
5.1

Airway Analysis

The assessment of the bronchial lumen and wall
geometry is part of the ongoing efforts to improve

upper and posterior lower lobe (b). Defects in the corre-
sponding septa can be seen (arrow)

the CT evaluation of obstructive lung disease.
The visual perception of airway changes is sub-
jective and is associated with high interobserver
variability (Park et al. 1997). Usually bronchi run
obliquely to the axial plane, thus compromising
accurate quantification (Venkatraman et al.
2006). Considering the complexity of the tra-
cheobronchial tree and the heterogeneity of the
diseases to be assessed, the need for automatic
segmentation and measurements of the whole
lung is evident; therefore, computer-aided analy-
sis has become essential in objective quantitative
analysis of tracheobronchial geometry. The pre-
requisites for such software tools, however, are
challenging. High spatial resolution volumetric
CT data sets with clear depiction of pulmonary
structures down to the subsegmental level are
needed to quantify airway geometries and
dimensions. Ideally, the scan is reconstructed
with a smooth reconstruction kernel, and the slice
thickness is about 1 mm with an overlap of 50 %.
However, high image quality is generally con-
trary to the desired low radiation dose and the
sometimes impaired compliance of the patient
attributable to the underlying disease (shortness
of breath, coughing), leading to artifacts.
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Fig. 12 ELVR with valves. MIP reconstructed transver-
sal CT slice of a patient after ELVR. Valves have been
implanted in the segment bronchi of the right upper lobe
with consecutive partial atelectasis

Fig. 13 3D reconstruction of an automatically segmented
tracheobronchial tree. 3D volume rendering of a seg-
mented tracheobronchial tree. Automated output of the
YACTA software package, used for airway and emphy-
sema quantification (Courtesy of O. Weinheimer,
Heidelberg University; YACTA version 2.5.0.1)

Quantitative parameters of airway morphol-
ogy comprise lumen area, inner and outer airway
diameters, wall thickness, wall area, wall attenu-
ation, airway segment lengths, airway taper
indexes, and airway branching patterns.
Volumetric MDCT data sets allow for a skeleton-
ized visualization of the bronchial tree without
overlapping parenchyma (Fig. 13). In computer-
aided analysis, centerlines running through the
center of the lumen of all segmented bronchi are
calculated down to the subsegmental level, and
depict the exact course of the bronchi. On this
basis secondary reconstructions such as curved
multiplanar reconstructions are made possible
and allow for visualization of airway dimensions
regardless of their orientation with respect to the
axial CT scan (Fig. 14). To finally measure the
aforementioned parameters, i.e., the bronchial
wall thickness, usually the “full width at half-
maximum” method is used (de Jong et al. 2005;
Nakano et al. 2005; Reinhardt et al. 1997; Saba
et al. 2003). In this method the centerline serves
as the starting point for multiple centrifugal mea-
surements of density profiles in Hounsfield units
on images reconstructed perpendicular to the
long axis of the bronchi. Half of the density value
from the starting point to a maximum that is
located in the bronchial wall is considered the
inner circumference of the bronchus. Accordingly,
the outer border is half the density between the
maximum in the bronchial wall and a following
minimum, usually located within the surrounding
parenchyma, or a second maximum within an
attached vessel. The resulting two voxels encom-
pass the bronchial wall. Recent modifications of
the simple full width at half-maximum algorithm
now allow for segmentation of very distal bron-
chi down to diameters smaller than 1 mm
(Weinheimer et al. 2008), which is important, as
histopathologic studies showed that the main site
of bronchial obstruction in COPD occurs in air-
ways smaller than 2 mm in internal diameter
(Hogg et al. 2004).

At present, these methods are used for stratifi-
cation in clinical trials, which requires consider-
able effort of standardization in software analysis,
CT acquisition, and reconstruction parameters.
Furthermore, the management of several compli-
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Fig. 14 Airway measurement. Visualization of centerlines of tracheobronchial tree with depiction of bronchial wall
dimension measurements (Courtesy of O. Weinheimer, Heidelberg University; YACTA version 2.5.0.1)

cations in automated segmentation is still being
resolved and a standard of analysis is still to be
developed regarding, for example, the number
and location of analyzed bronchi. Collapsed or
obstructed airways generally lead to a halt in the
process of segmentation, rendering the detection
of distal bronchi impossible. Because the delinea-
tion of smaller bronchi is constrained by the par-
tial volume effect, manual correction of the
processed results, modifications of the algorithm,
or knowledge-based simulations are required to
segment the more distal branches. Moreover, the
influence of iterative reconstruction algorithms on
the results has yet to be clarified. Preliminary
findings suggest that especially in a low-dose set-
ting, iterative reconstruction can improve three-
dimensional (3D) image analysis regarding
airway dimensions (Koyama et al. 2014).
Furthermore, a sensible threshold permitting con-
sideration of certain airway dimensions as clearly

pathologic still does not exist since, for example,
the interscan variability of results has yet to be
established (Brillet et al. 2009). In general the
wall area percentage seems less suitable for reli-
able evaluation of bronchial wall thickening, as
this parameter is influenced by the bronchial
lumen, which can lead to false-negative results
when bronchiectasis is present. One commonly
used possibility of a generalized measure of bron-
chial wall dimensions is the so-called Pi10, which
is the square root of the bronchial wall area of a
hypothetical bronchus with an internal diameter
of 10 mm, calculated from linear regression of all
measured bronchi (Grydeland et al. 2011).

5.2 Quantification of Emphysema

The first studies of software-based emphysema
quantification were performed on incremental
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thin-section two-dimensional high-resolution
CT data sets (Madani et al. 2007). The disad-
vantage of this method clearly lies in the lack of
full coverage of the whole pulmonary volume.
Regarding the variability of regional distribu-
tion patterns, an evaluation of the complete
lung is desirable for a comprehensive analysis
of emphysema in the individual patient. Modern
software solutions perform assessment on 3D
volumetric CT data sets. Quantification takes
place primarily on the basis of a threshold value
for the attenuation of lung parenchyma, which
is usually chosen to be below 950 HU for the
detection of emphysema. While this approach
appears to be rather simple at first sight, it is
complicated by its close relationship to airway
analysis techniques: For a proper evaluation the
parenchymal structures have to be clearly sepa-
rated from tracheobronchial structures, which
are filled with air and thus could influence the
measured emphysema parameters. In practice
many software tools are available as part of
commercial integrated solutions, in addition to
freely available software packages that perform
image analysis in a fully automated or semi-
automatic manner (Heussel et al. 2006)
(Fig. 15). The most common parameters mea-
sured are emphysema volume and total lung
volume, which are set in relation by the emphy-
sema index (EI). Another possibility is the per-
centile point, which is defined by the density
threshold, below which a defined percentage of
lung voxels are distributed. Typical values are
the 12th or 15th percentiles. Further parameters
can be used to characterize emphysema in more
detail, for example by registration of clusters of
emphysema and the amount of different cluster
sizes (Achenbach et al. 2004). All of the differ-
ent software solutions show good or excellent
correlations with pulmonary function tests and
also with histopathologic changes, but the
results of divergent software tools are not com-
parable with one another (Wielputz et al. 2014).
Moreover, the technical parameters of the scan-
ning protocol, especially dose settings and the
use of iterative reconstruction algorithms, influ-
ence the resulting parameters (Mets et al. 2012;
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Gierada et al. 2010). There are also significant
differences between inspiratory and expiratory
scans and between contrast-enhanced and non-
contrast scans (Heussel et al. 2009; Zaporozhan
et al. 2005). Especially because of the influence
of different inspiration levels, the evaluation of
progression of emphysema in longitudinal fol-
low-up CT examinations can be severely com-
promised. To account for this complication
different correction techniques, such as correc-
tions based on lung volume (Stoel et al. 2008),
have been, are being, and remain to be
developed.

The separation of air trapping from emphy-
sema or, more exactly, the automated evalua-
tion of air trapping, is another aim of recent
research. In 2008, Matsuoka et al. showed that
the sub-volume of lung tissue with attenuation
between —950 and —900 HU in paired inspira-
tory and expiratory CT scans might be used to
assess the amount of air trapping in individu-
als suffering from airway disease and emphy-
sema (Matsuoka et al. 2008). Babosa et al.
(2011) later found good correlations of their
results with pulmonary function test parame-
ters utilizing a different technique, by making
use of the change of attenuation between
inspiratory and expiratory scans to segment
areas of air trapping. However, correlations
decreased when significant emphysema was
present, revealing the difficulties inherent to
the problem.

Another, prospectively increasingly more
important task, will be the evaluation of target
lobes for ELVR. As stated earlier, ELVR aims at
reducing (dysfunctional) lung volume by endo-
scopic implantation of closure devices into lobar
bronchi, namely, valves. Patients with severe
emphysema concentrated in a particular lobe are
thought to benefit most from this method of lung
volume reduction. Automatic emphysema quali-
fication may become an increasingly important
tool for identification of individuals suitable for
ELVR, and also in determining the target lobe for
intervention. An important task in this context is
the evaluation of the integrity of pulmonary fis-
sures. As already mentioned, success of valve
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Fig. 15 Depiction of emphysema. Emphysema analysis
output of the YACTA software package. Coronal CT
slices of different patients. Emphysematous regions
were computed threshold based and are marked in yel-
low. Upper left: No significant emphysema (<5 %).

implantation can be limited by collateral ventila-
tion caused by incomplete pulmonary fissures.
Present-day results for semi-quantitative evalua-
tion of completeness of fissures read by experi-
enced radiologists and pneumologists show good

Upper right: centrilobular emphysema. Lower left: api-
cal predominance of confluent centrilobular emphysema.
Lower right: advanced destructive emphysema (Courtesy
of O. Weinheimer, Heidelberg University; YACTA ver-
sion 2.5.0.1)

agreement on the amount of defects (Koenigkam-
Santos et al. 2012, 2013b). A future task for
software-based image analysis will be reliable
automatic quantification of fissural defects in
COPD patients.
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6 Clinical Correlation

and Phenotyping
6.1 COPD

As stated earlier, the two dominant features of
COPD are bronchial wall thickening on the one
hand and emphysematous destruction of lung
parenchyma on the other. In most patients suffer-
ing from COPD both manifestations (airway
remodeling and emphysema) exist in varying
degree of severity. As already mentioned, current
research is aimed at gaining further insight into
the heterogeneity of COPD manifestations by
defining subgroups of different phenotypes.
There are at least two subgroups of COPD
patients that have been identified in several stud-
ies, which are considered to correspond to differ-
ent phenotypes of the disease, namely,
emphysema predominant on the one hand and
airway predominant on the other.

Not surprisingly, bronchial wall thickening is
the predominant factor limiting airflow. Wall
thickness is found to be higher in smokers with
COPD than in smokers or nonsmokers without
COPD (Berger et al. 2005). Many studies show a
good correlation between a decrease in FEV, and
airway wall thickness (Hasegawa et al. 2006;
Nakano et al. 2000, 2002), whereas the extent of
emphysema does not necessarily exhibit such a
good correlation (Zaporozhan et al. 2005;
Achenbach et al. 2008; Baldi et al. 2001). The
correlation between wall thickness and FEV,
improves with a decrease in size of the measured
airways (Hasegawa et al. 2006; Achenbach et al.
2008). This is consistent with the results of histo-
pathologic studies, which reported that the major
site of airway obstruction in COPD occurs in air-
ways smaller than 2 mm in internal diameter
(Hogg et al. 2004). Acquired tracheobronchoma-
lacia is another common feature, mostly in
advanced COPD, that also influences airflow. In
the setting of chronic bronchitis it has been
reported in up to 44 % of patients undergoing
bronchoscopy (Jokinen et al. 1976). In COPD,
tracheobronchomalacia is usually diffusely dis-
tributed, and affects the whole trachea and the
main bronchi. The excessive narrowing of central
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airways may contribute to or worsen obstructive
symptoms (Loring et al. 2007). In addition, the
amount of emphysema has a significant influence
on the breathing dynamics. The associated loss of
elastic recoil of pulmonary parenchyma promotes
instability of bronchial and bronchiolar struc-
tures, and hyperinflation is thought to give rise to
paradoxic diaphragmatic displacement and atypi-
cal movement of the chest wall.

Despite the correlation between bronchial
wall thickness and FEV,, a recent study showed
that the amount of airway wall thickening and the
amount of emphysema correlate well with the
frequency of exacerbations. Moreover, those cor-
relations are independent from the rate of airflow
obstruction measured by FEV,. Patients with
>35 % emphysema reported significantly higher
frequency of exacerbations than patients with
less than 35 % emphysema and without signifi-
cant bronchial wall thickening. Likewise, patients
with significant wall thickening reported more
frequent exacerbations. Furthermore, the sub-
groups showed differences in their comorbidity:
while for the prevalence of coronary artery dis-
ease no significant differences were reported, the
emphysema-predominant type showed lower
prevalence of diabetes and a higher prevalence of
osteoporosis (Han et al. 2011). Such results
emphasize the clinical implications of phenotyp-
ing airway disease via image analysis regarding
risk stratification and better possibilities in man-
aging targeted therapy.

The increasingly important role of emphysema
quantification and assessment of pulmonary fis-
sural defects by imaging techniques in the clinical
context has already been pointed out in previous
sections. Regarding suitability of a patient for
ELVR by valve or coil implantation and also con-
cerning the identification of target lobes for this
kind of interventional therapy, imaging tech-
niques will be increasingly relevant.

6.2 Asthma

In patients with asthma, chronic airway inflam-
mation induces airway remodeling. Hence, the
typical CT findings are bronchial wall thickening,
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narrowing of the bronchial lumen, and/or bron-
chiectasis accompanied by areas of decreased
lung attenuation, air trapping, and, in some cases,
emphysema (Aysola et al. 2010). In a large cohort
of patients with severe asthma, CT scan abnor-
malities were present in 80 % of patients. Often
they coexisted with increased bronchial wall
thickness (62%), bronchiectasis (40%), and
emphysema (8 %) (Gupta et al. 2009). Airway
wall thickness in asthma patients has been evalu-
ated in many studies using either semiquantitative
or fully quantitative methods. Comparing patients
with healthy individuals, all of these studies came
to similar conclusions: more airway wall thicken-
ing, increased wall thickness, and increased
degree of airflow obstruction (Aysola et al. 2008;
Harmanci et al. 2002; Kasahara et al. 2002; Little
et al. 2002; Niimi et al. 2000; Takemura et al.
2004). Furthermore, there is a positive correlation
between the severity of the disease and the amount
of airway wall thickening, which is fully consis-
tent with pathologic measures of remodeling from
endobronchial biopsies and the degree of airflow
obstruction (Aysola et al. 2008). The coincidence
of increased severity of asthma and higher preva-
lence of bronchiectasis was also demonstrated
(Harmanci et al. 2002). Here, patients with mild
intermittent asthma mostly had normal CT scans,
whereas patients with severe persistent asthma
more frequently had at least one abnormal airway
finding. In addition, longer disease duration was
presumed to cause more bronchiectasis and thick
linear opacities. Besides airway remodeling,
asthma can cause acute complications such as
pneumothorax, pneumomediastinum, pneumonia,
mucoid impaction, and atelectasis in addition to
chronic complications that include allergic bron-
chopulmonary aspergillosis, eosinophilic pneu-
monia, and Churg—Strauss vasculitis (Woods and
Lynch 2009).

Airway wall thickening in asthma seems to be
partially reversible when treated with inhaled
corticosteroid in steroid-naive patients, although
the decrease was not observed in the airway
dimensions of a matched asymptomatic control
group (Niimi et al. 2004). After a 1-year treat-
ment, measured airway wall thickness decreased
in patients with a duration of symptoms of less

than 3 years, and a minor response was recog-
nized in patients with a duration of symptoms
from 3 to 5 years. However, there was no change
in airway wall dimensions for patients who had
asthma for longer than 5 years (Kurashima et al.
2008). As already mentioned, air trapping is seen
in patients suffering from asthma on CT, but the
correlation with asthma severity was found to be
variable (Gono et al. 2003; Mitsunobu et al. 2001,
2003; Paganin et al. 1996). In a recent study, air
trapping in patients with asthma identified a
group of individuals at high risk for severe dis-
ease. These patients were significantly more
likely to have a history of asthma-related hospi-
talizations, intensive care unit visits, and/or
mechanical ventilation. Moreover, the duration
of asthma, history of pneumonia, neutrophilic
inflammation, airway obstruction, and atopy
were identified as independent risk factors asso-
ciated with the presence of air trapping (Busacker
et al. 2009), which might denote a special pheno-
type of asthma that could be detected by imaging
examination and thus receive more thorough
monitoring and treatment (Kauczor et al. 2011).

Conclusion

Technical innovations in CT and the introduc-
tion of new methods, especially regarding
postprocessing analysis, in pulmonary CT
have enabled a wide range of new possibilities
in imaging pulmonary diseases. Whereas in
the past the main diagnostic tools for COPD
and asthma were pulmonary function tests,
CT evaluation has gained increased impor-
tance not only in the context of clinical trials
and scientific analysis but also in routine
assessment and monitoring of the disease. By
exactly and systematically analyzing airway
remodeling on the one hand and emphysema-
tous parenchymal destruction on the other,
today’s heterogeneous group of COPD
patients can easily be classified in unprece-
dented detail. The main finding of recent stud-
ies is the confirmation of at least two different
phenotypes of COPD, namely the emphy-
sema-predominant and the airway-predomi-
nant type of disease. This differentiation not
only enables better statistical evaluation in
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scientific analysis, but also sets up new possi-
bilities in personalized care and treatment. By
identifying subgroups of patients at higher
risk of complications and/or with a higher
probability of rapid progress of the disease,
therapeutic management can be adapted
accordingly, enabling the chance for better
patient outcomes. The feasibility evaluation of
novel treatment options in emphysema
patients, namely ELVR, is another field of pul-
monary imaging with upcoming importance
in daily clinical practice. The constant efforts
in reducing radiation dose on the one hand and
increasing image quality when needed on the
other have furthermore enabled several new
possibilities in dynamic and functional CT
imaging. While many methods have already
been well established in clinical routine, there
are still challenges to be addressed, which in
the future are expected to confirm and increase
the benefit of CT in patients with COPD and
emphysema.
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Abstract

Until today, computed tomography (CT) is the most important and valu-
able radiological modality to detect, analyze, and diagnose diffuse intersti-
tial lung diseases (DILD), based on the unsurpassed morphological detail
provided by high-resolution CT technique.

In the past decade, there has been a shift from an isolated histopatho-
logical diagnosis to a multidisciplinary acquired diagnosis consensus that
is nowadays regarded to provide the highest level of diagnostic accuracy
in patients with diffuse interstitial lung diseases. The 2002 ATS/ERS state-
ment on classification of idiopathic interstitial pneumonias assigned a cen-
tral role to high-resolution CT (HRCT) in the diagnostic workup of
idiopathic interstitial pneumonias (ATS/ERS consensus classification
2002). The more recent 2013 ERS/ATS statement reinforced that com-
bined clinical data (presentation, exposures, smoking status, associated
diseases, lung function, and laboratory findings) and radiological findings
are essential for a multidisciplinary diagnosis (Travis et al., Am J Respir
Crit Care Med 188(6):733-748, 2013).

The traditional HRCT consisted of discontinuous 1 mm high-resolution
axial slices. The primary focus was on visual pattern analysis demanding
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for the highest possible spatial resolution. Because of the intrinsic high
structural contrast of the lung, it has been possible to substantially reduce
dose without losing diagnostic information. This development has been
supported by new detection and reconstruction techniques. Not only detec-
tion of subtle disease and visual comparison of disease stage but also dis-
ease classification and quantification nowadays take advantage of
continuous volumetric data acquisition provided by multidetector row
(MD) CT technique. The following book chapter will focus on acquisition
technique with special emphasis on dose and reconstruction, advantages,
and new diagnostic options of volumetric MDCT technique for interstitial
lung diseases. Based on evidence from the literature, certain diseases will
be covered more specifically, but it has to be noted that for the pattern
analysis of the various interstitial lung diseases, the plethora of other pub-

lications and books is recommended.

1 Introduction

Until today, computed tomography (CT) is the
most important and valuable radiological modal-
ity to detect, analyze, and diagnose diffuse inter-
stitial lung diseases (DILD), based on the
unsurpassed morphological detail provided by
high-resolution CT technique.

In the past decade, there has been a shift from
an isolated histopathological diagnosis to a mul-
tidisciplinary acquired diagnosis consensus, that
is nowadays regarded to provide the highest level
of diagnostic accuracy in patients with diffuse
interstitial lung diseases. The 2002 ATS/ERS
statement on classification of idiopathic intersti-
tial pneumonias assigned a central role to high-
resolution CT (HRCT) in the diagnostic workup
of idiopathic interstitial pneumonias (ATS/ERS
consensus classification 2002). The more recent
2013 ERS/ATS statement reinforced that com-
bined clinical data (presentation, exposures,
smoking status, associated diseases, lung func-
tion, and laboratory findings) and radiological
findings are essential for a multidisciplinary
diagnosis (Travis et al. 2013).

The traditional HRCT consisted of discontinu-
ous 1 mm high-resolution axial slices. The pri-
mary focus was on visual pattern analysis
demanding for the highest possible spatial resolu-
tion. Because of the intrinsic high structural con-
trast of the lung, it has been possible to

substantially reduce dose without losing diagnos-
tic information. This development has been sup-
ported by new detection and reconstruction
techniques. Not only detection of subtle disease
and visual comparison of disease stage but also
disease classification and quantification nowa-
days take advantage of continuous volumetric
data acquisition provided by multidetector row
(MD) CT technique.

The following book chapter will focus on
acquisition technique with special emphasis on
dose and reconstruction, advantages, and new
diagnostic options of volumetric MDCT tech-
nique for interstitial lung diseases. Based on evi-
dence from the literature, certain diseases will be
covered more specifically, but it has to be noted
that for the pattern analysis of the various inter-
stitial lung diseases, the plethora of other publi-
cations and books is recommended.

2 Acquisition Technique

Traditionally CT and HRCT were strongly dif-
ferentiated with the latter being defined by a sec-
tion thickness of <1.5 mm and the use of an
edge-enhancing high-resolution reconstruction
kernel. Since the advent of MDCT technique,
which allows for covering the whole chest in thin
section technique within one breath-hold, essen-
tially each chest CT is a HRCT.
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Reconstruction of 1, 3, or 5 mm thick slices
determines the number of axial images to be eval-
uated. Besides for a given acquisition dose, a
3 mm thick slice has a better signal-to-noise ratio
than a 1 mm thick slice. A 1 mm thick slice, how-
ever, offers a higher spatial resolution and thus
superior morphological detail. These trade-offs
therefore determine the choice of reconstruction
depending on the clinical indication: analysis of
an (advanced) tumor stage is mostly done with
thicker slices, while analysis of diffuse interstitial
lung disease or focal nodular disease requires
maximum detail resolution and therefore thin
slices.

Before the advent of MDCT, HRCT consisted
of a thin section CT obtained with 1 mm slice
thickness at 10 or even 20 mm gaps. The ratio-
nale behind such a protocol was that analysis of a
diffuse parenchymal process does not require
continuous coverage. Secondly, discontinuous
scanning warranted the relatively high-dose use
to achieve the excellent signal-to-noise, image
quality, and thus detail resolution.

Several developments have contributed to the
fact that over the last years, discontinuous HRCT
acquisition has been increasingly replaced by
volumetric data acquisition, and they will be dis-
cussed more extensively below. In short, these
developments refer to:

(a) Modern MDCT scanners allow for acquisi-
tion of volumetric HRCT with high image
quality at acceptable dose levels, which fur-
thermore have been continuously decreasing
over the last decades due to improved detec-
tor technology and advanced reconstruction
algorithms (see also “iterative noise
reconstruction”).

(b) Modern scanners perform faster, allowing for
a single continuous scan in deep breath-hold
instead of acquiring discontinuous slices
with multiple scans that require repetitive
breath-hold maneuvers.

(c) Volumetric 2D and 3D display techniques
such as multiplanar reconstructions (MPR),
maximum and minimum intensity projec-
tions (MIP and MinIP), as well as advanced
volumetric quantification techniques became
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only possible with continuous volumetric
data acquisition.

(d) Volumetric scans allow for an easier and
also more precise comparison of disease
development over time in follow-up studies
because slices exactly matching to each
other can be compared.

(e) Volumetric scans will also capture subtle and
focal disease, potentially missed when data
are acquired with large gaps in between.

Nevertheless a questionnaire among members
of the European Society of Thoracic Imaging
carried out in 2013 revealed that a subgroup of
radiologists (15%) still uses discontinuous
HRCTs for analysis of interstitial lung diseases
(Prosch et al. 2013). To which extent various
aspects such as the scanner technology availabil-
ity, expected image quality, or unwillingness to
give up the old, but familiar techniques play a
role in this remains unclear.

Scan Collimation and Slice
Reconstruction

2.1

There are two essential factors that constitute a
“high-resolution” CT study: firstly, thin axial
slices using narrow detector width (0.5—-1.25 mm)
and reconstruction of 1-1.5 mm thick slices
(Fig. 1) and, secondly, reconstruction of the scan
data with a high-spatial-frequency (sharp or high-
resolution) algorithm (Muller 1991).

Whether the whole lung can be covered within
one breath-hold with 1 mm collimation width
depends on the speed of data acquisition. While a
four-slice CT scanner still needed more than 25 s
to cover a chest length of 30 cm, a 16-slice scan-
ner provided already the technical base to cover
the thorax (30 cm length) in less than 15 s when
atable feed of 1.5 mm was used. A 64-slice scan-
ner allowed for a scan time below 10 s. The most
modern scanners (128-slice scanners and beyond)
allow for coverage of the chest in less than 3 s
while acquiring data with isotropic submillimeter
resolution. Thus, speed of data acquisition within
one breath-hold does not represent a limitation
anymore.
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Fig. 1 Coronal reconstructions 1 mm versus 3 mm slice thickness demonstrating the impact of SL on detail

resolution

Fig.2 TIsotropic resolution in all three dimensions allows
for axial, coronal, and sagittal reconstructions with equally
high detail resolution. While pattern analysis is done on

The ability of HRCT to provide high morpho-
logical detail of normal and abnormal lung
parenchyma is based on high-quality examina-
tions. With optimal scan technique, the spatial
resolution is as low as 0.5 mm. Due to the high
contrast within the lung parenchyma, even struc-
tures as small as 0.2 mm can be visualized
(Murata et al. 1989). Thus, pulmonary artery
branches down to the 16th and bronchi down to
the 8th generation can be depicted. Since partial
volume averaging effects on the margins of such

axial slices, the multiplanar reconstructions (MPR) nicely
demonstrate the subpleural and craniocaudal distribution
of disease in this patient with systemic sclerosis

small structures are minimized, HRCT provides
a very accurate image of their true size. This rep-
resents the base for CT-based quantification,
e.g., of bronchial wall thickness and airway
lumen in COPD patients. Since this high resolu-
tion is available isotropically, meaning in all
three directions, diameters of vessels, lung nod-
ules, or obliquely oriented bronchi are accurately
reflected, irrespective of their location in or near
the scan plane or even perpendicular to the scan
plane (Fig. 2).
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Spatial resolution is increased by the applica-
tion of a high-spatial-frequency reconstruction
algorithm (Mayo et al. 1987). Standard algo-
rithms lead to smoothening of the image in
respect that visible image noise is reduced and
contrast resolution increased. Sharp, high-spatial-
frequency, or high-resolution algorithms, on the
other hand, reduce image smoothening and
increase spatial resolution. Anatomic margins
and tissue interfaces, such as the fissure, pleura,
or septa, appear sharper. Small vessels and bron-
chi are seen superiorly compared to a standard
algorithm.

Reducing the field of view results in smaller
pixel sizes and thus increases spatial resolution.
In general, the field of view should be adjusted to
the size of the lungs, usually resulting in a spatial
resolution of 0.5-0.3 mm. To ensure that the field
of view does not cut off any parts of the lung, it is
usually limited by the diameter of the external
cortex of the ribs.

To further increase spatial resolution, target-
ing of the field of view to a single lung or particu-
lar lobes or regions can be performed. Such an
approach may be used for minute evaluation of
the parenchyma or peripheral bronchi beyond the
regular evaluation of images demonstrating both
lungs. However, with this approach, the spatial
resolution will be limited by the intrinsic resolu-
tion of the detectors and whether it will gain
diagnostic information will largely depend on
personal preferences. There is no literature refer-
ence that generally recommends this approach,
not even for certain indications. In addition, it
requires additional reconstruction time, the raw
data scan must be saved until targeting is per-
formed, and it precludes the ability to compare
both lungs on the same image.

2.2 Dose Aspects

One of the major arguments not to change from
discontinuous HRCT (10 or 20 mm gap) to con-
tinuous volumetric data acquisition was the asso-
ciated increase in dose. Since 1 mm thin sections
need to have a certain signal-to-noise level to
provide acceptable diagnostic image quality, it
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Table1 Dose ranges of HRCT techniques demonstrating
the potential of modern dose-reduction techniques

Effective radiation dose (mSv)

Yearly background radiation 2.5
PA chest radiograph 0.05
Discontinuous HRCT (10 mm gap) 0.7
Volumetric HRCT 4-7
Volumetric HRCT with xyz-modulation 3-5
Volumetric HRCT with iterative noise 1.5-3

reconstruction

was inevitable that volumetric data acquisition
would deliver a higher dose to the patient.

3D dose modulation — automatically adapting
the delivered dose in the transverse plane (xy-
axis) and along patient length (z-axis) — is an
effective means to reduce dose by about 30 % and
is strongly recommended (Kubo et al. 2014)
(Table 1). The abovementioned survey in 2013
confirmed that 90% of the respondents indeed
apply it. Additional options are to adapt the pro-
tocol to patient weight, patient age, or scan indi-
cation. Principally a tube voltage of 120 kV is
recommended, but in young patients or patients
of lower body weight, a tube voltage of 100 kV
can be applied, further contributing to dose sav-
ing. The tube current is mostly set around
100 mAs. Ultimately a dose between 1.5 and
4 mSv should be aimed for (Fig. 3).

There is a multitude of publications evaluating
low-dose protocols (40-60 mAs), most of them
for the detection of nodules or within a screening
setting. Those results cannot be directly trans-
ferred to the diagnostic workup of DILD, in
which detection of ground-glass opacities and
fine septal thickenings is required. Christe A
et al. systematically evaluated the efficiency of a
low-dose protocol for the detection of common
patterns of pulmonary diseases evaluating 1 mm
slices, reconstructed with filtered back projection
(FBP) and a high reconstruction kernel. They
concluded that a 120 kVp/40 mAs protocol was
feasible for detecting solid nodules, air space
consolidations, and airway and pleural diseases;
however, pathologies consisting of ground-glass
opacities and interstitial opacities required higher
tube current or iterative noise reconstruction
(Christe et al. 2013).
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Fig.3 Impact of dose: the right-sided image (b) was obtained with double acquisition dose compared to the left-sided
image (a) (4.5 mGy versus 6.8 mGy, no iterative noise reconstruction has been applied)

New iterative reconstruction algorithms (IR)
allow for greater noise reduction than standard
filtered back projection (FBP) and subsequently
more effective dose reduction. While increased
spatial resolution is directly correlated with
increase of image noise in standard filtered back
projection, iterative reconstruction allows for
decoupling of spatial resolution and image noise
to a certain extent. Once an image has been
reconstructed from measured projections, this
image itself is used as “scan object” in a simu-
lated CT measurement of the same projection,
resulting in an image of calculated projections.
The differences between the measured and calcu-
lated projections result in correction projections
which are subsequently used to update the origi-
nally measured projections. This process is
repeated until the difference between the calcu-
lated projections and measured projections is
smaller than a predefined limit. With each update
to the original image, image-processing algo-
rithms enhance spatial resolution in higher con-
trast areas of the image and reduce noise in low
contrast areas. While the first generations of IR
produced images of lower noise, they were criti-
cized for modifying the visual appearance of
images, either being smoothed or pixelated espe-
cially with increased weighting of iterative noise
reconstruction (Pontana et al. 2011; Prakash et al.
2010) (Fig. 4). The second generation of so-
called model-based IR — active in the raw data

space — aims for reducing noise and maintaining
image sharpness, thus having less impact on the
visual image impression.

Some studies evaluated the visualization of
certain elements of lung infiltration and diffuse
lung disease: an improved detection of ground-
glass opacities, pulmonary nodules, and emphy-
sema had already been reported with
first-generation IR in vivo (Pontana 2011) and by
experimental studies (Christe et al. 2012).
Similarly an excellent inter-method agreement
comparing IR and FBP images for the detection
of emphysema, GGO, bronchiectasis, honey-
combing, and nodules has been described (Ohno
et al. 2012). No study evaluating the impact on
the diagnostic evaluation of diffuse interstitial
lung disease has been published yet, but never-
theless it can be anticipated that modern IR
allows for substantial (around 50 %) dose reduc-
tion of volumetric HRCT for DILD, which repre-
sents an important step forward in terms of
radiation protection, especially for young patients
and patients with multiple follow-up studies.

2.3 Prone Position

In the normal lung with the patient supine, there
is a gradual increase in attenuation and vessel
size from ventral to dorsal lung regions. This
attenuation gradient is caused by the effect of
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Fig.4 Impact of iterative noise reconstruction (IR) on image noise but also on visualization of attenuation differences
and detail resolution: (a) IR factor 1, (b) IR factor 3, and (¢) IR factor 5

gravity on blood flow and gas volume as well as
some non-gravity-dependent effects. This density
gradient is accentuated on  expiration
(Verschakelen et al. 1998). Hypoventilation and
atelectasis in the dependent lung can cause areas
of dependent density or subpleural lines, which
can mimic early lung fibrosis.

With the patient in prone position, these
hydrostatic densities will immediately disappear,
while abnormalities caused by real pathology
will remain. Therefore, in some cases it may be
necessary to obtain images in prone position to
differentiate actual disease from physiologically
dependent densities or atelectasis. This is espe-
cially true when the detection of ground-glass
opacities or curvilinear subpleural lines are of
diagnostic relevance (e.g., in patients with subtle
disease or in patients with asbestosis).

Publications dating from more than 15 years
ago — thus obtained with slower scanners and
discontinuous HRCT technique — found that
prone scanning was useful in almost 20% of
patients (Volpe et al. 1997). This proportion is
certainly too high, given the fast scanning tech-
nique available today. Prone scanning is not indi-
cated routinely anymore. Some colleagues may
prefer it in selected cases, e.g., patients with
questionable, subtle disease exclusively in the
dorsobasal area of the lung which would be deci-
sive for the presence or absence of disease.

A questionnaire obtained in 2013 did not
reveal a real consensus about the use of addi-
tional CT acquisitions in the prone position,
though it was recommended to be performed on

demand only (Prosch et al. 2013). This, however,
requires the scans to be closely monitored or that
the patient is called back for additional scanning.
In patients with emphysema, airway disease, or
diffuse obstructive lung disease, prone scans are
usually not needed.

24 Expiratory Scans

Scans are routinely obtained in full inspiration
with the lungs fully expanded, which optimizes
the contrast between low-attenuation aerated air
space and high-attenuation lung structures and
various abnormalities. At the same time, full
inspiration minimizes the frequency of confound-
ing densities due to transient atelectasis.

Additional expiratory HRCT scans have
proved useful in the evaluation of patients with a
variety of obstructive lung diseases. Focal or dif-
fuse air trapping may be detected and can be
essential in the differentiation of large or small
airway disease and emphysema (Kauczor et al.
2011).

The guidelines of the British Thoracic Society
recommend the routine use of expiratory scans in
patient’s initial HRCT evaluation (Wells and
Hirani 2008). The rationale behind this is the
potential value of air trapping for the differential
diagnosis that can be appreciated on an expira-
tory scan, even in the absence of inspiratory scan
abnormalities and the fact that the functional
cause of respiratory disability is not always
known, especially during the initial diagnostic
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Fig. 5 Images in full inspiration and after full expiration: lobular areas of lower attenuation (black) demonstrate air
trapping. Air trapping is more easily and sometimes exclusively seen in expiration

phase. Within the context of management of
interstitial lung disease, the British Thoracic
Society suggest that after a diagnosis has been
set, additional expiratory CT acquisitions should
only be performed to evaluate inconclusive find-
ings on inspiratory CT.

Because of dose considerations, most investi-
gators obtain some expiratory scans on predeter-
mined levels or discontinuous clusters (Prosch
et al. 2013). There are various ways how to plan
these scans: either in areas of pathology seen in
inspiration or on specific predefined levels fol-
lowing anatomic landmarks (e.g., carina, aortic
arch) in order to facilitate reproducibility in fol-
low-up scans. How many levels need to be cov-
ered is unclear and ranges from 2 to 5.
Alternatively also the expiratory scan can be
obtained with volumetric data acquisition. It has
the advantage of decreasing the risk of motion
artifacts frequently seen in discontinuous
expiratory scans, allows for quantification on a
3D basis, and allows for more precise, level-
matched follow-up. Since the only purpose of
these scans is the detection, localization, and
quantification of air trapping, these scans can be
obtained with a drastically reduced dose. Multiple
studies have shown that tube current levels as low
as 40 mAs are sufficient for the diagnostic pur-
pose intended. Bankier et al. carried out a sys-
tematic comparison of expiratory CT scans
obtained with 120 kV, 80 mAs, and simulated 60,
40, and 20 mAs scans and found that — though

diagnostic confidence went down with decreas-
ing acquisition dose and interreader variability
went up — diagnostic accuracy was not affected
(Bankier et al. 2007). Similar results had been
published also by other authors (Nishino et al.
2004).

Scans after full expiration are obtained to dis-
play lobular areas of air trapping (Fig. 5). Air
trapping refers to lobular demarcated areas of
hypertransparency caused by air trapped in expi-
ration by a check valve mechanism of small air-
ways. Consequently the involved secondary
lobule will not decrease in volume and increase in
attenuation during expiration compared to the sur-
rounding uninvolved lung parenchyma. Areas of
air trapping are more easily visible in expiration
than in inspiration. In some patients air trapping
may be seen exclusively in expiration. The find-
ing of air trapping as indirect sign of small airway
disease is an important diagnostic finding in all
diseases with an obstructive or combined obstruc-
tive/restrictive lung function impairment. Diseases
in which the finding of air trapping and thus expi-
ratory CT scans represent an important part of the
diagnostic workup are exogenous allergic alveoli-
tis, collagen vascular diseases such as Sjogren’s
disease and rheumatoid arthritis, but also sarcoid-
osis and diseases with predominant airway pathol-
ogy such as asthma and cystic fibrosis.

Sharply demarcated areas of air trapping need
to be differentiated from ill-defined areas of vary-
ing parenchymal density in expiration. The latter
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is seen frequently and has been interpreted as
“inhomogeneous emptying” of the lung in expi-
ration. Correlation of scans during inspiration
and expiration illustrating the unaltered volume
and density in lobuli with air trapping represents
the diagnostic clue.

Expiratory CT scans are also used for inter-
pretation of a mosaic pattern seen in inspiration.
Mosaic pattern is defined as areas of varying den-
sity, sharply demarcated by interlobular septa. To
differentiate whether the area of increased attenu-
ation represents ground glass, e.g., caused by an
acute alveolar or interstitial process, or that the
area with hypoattenuation represents air trapping
caused by bronchiolitis, expiratory CT scans are
very helpful.

An increased contrast between hypo- and
hyperattenuated areas in expiration demarcates
air trapping as pathology and bronchiolitis as
underlying disease. There are less vascular struc-
tures visible in the “black” areas of hypoattenua-
tion due to the Euler-Liljestrand reflex, causing
vascular constriction in areas of lower ventila-
tion. Importantly there are no signs of pulmonary
hypertension.

A decreased contrast between hypo- and
hyperattenuated areas in expiration demarcates
ground glass as pathology and an acute alveolar/
interstitial process as underlying disease. There is
no difference in vascular calibers in the areas of
different attenuation.

Thirdly, pronounced differences in vascular
diameter between the areas of different attenua-
tion indicate true mosaic perfusion. Additional
signs of pulmonary hypertension, such as dilated
central pulmonary arteries and pathological
arterio-bronchial ratio, may be present. The
underlying disease is recurrent pulmonary
emboli. Though discrimination of the different
underlying diseases is also possible by analyzing
the vascular diameters only, many radiologists
consider the information of increased contrast
differences caused by air trapping the most valu-
able and reassuring.

Instead of acquiring the CT scans after full
expiration in suspended respiration, other authors
have proposed to acquire the data during forced
expiration, more specifically to perform data
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acquisition during the dynamic process of forced
expiration. While especially end-expiratory air
trapping might be seen with higher sensitivity,
the risk for considerable breathing artifacts ham-
pering image quality has to be outweighed
against the potentially increased diagnostic infor-
mation. Dynamic scans were firstly introduced
using an electron beam CT; however, it can also
be performed with any MDCT scanner with a
gantry rotation time of 1 s or less. Because images
can be reconstructed at any time point during the
scan, the temporal resolution is even higher than
with the electron beam CT. Mostly continuous
imaging is performed on a single axial level for
6-8 s as the patient expires rapidly. Acquisition
dose is drastically reduced (usually 40 mAs).
Lucidarme et al. (2000) found a significantly
higher density difference between the different
areas of attenuation and a higher extent of air
trapping in dynamic scans as opposed to static
scans, but the number of patients for which
dynamic scan acquisition changed the diagnosis
has been found to be small (Gotway et al. 2000).

A detailed instruction of the patient is impor-
tant to avoid motion artifacts and to assure that
the scan acquisition takes part in the desired
respiratory status. A visual qualitative control for
the inspired or expired state is possible by ana-
lyzing the shape of the trachea: in full inspiration
the trachea demonstrates a round shape, while in
expiration there is bulging of the dorsal membra-
nous part of the trachea ventrally and intralumi-
nally to a various extent. A too strong deformation
producing a considerable reduction of the tra-
cheal area and demonstrating a moon-like (luna)
shape is associated with tracheomalacia which
can be a hint toward severe obstructive lung dis-
ease (O’Donnell et al. 2014).

Motion Artifacts and ECG
Gating

25

Motion artifacts caused by non-suspended respi-
ration are common and can severely hamper a
meaningful interpretation of the images.
Respiratory motion leads to blurring of normally
sharp details, pseudo-ground-glass opacities, and
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linear streaks or star artifacts from edges of ves-
sels and other high-density structures.

On lung window setting, gross respiratory
motion artifacts are normally easily recogniz-
able, and while they degrade image quality, they
will not cause misinterpretation because of their
obviousness. Subtle motion-related unsharpness
and ground-glass opacities, however, may mimic
an interstitial process; doubling of vascular struc-
tures can mimic thickened interlobular septa or
walls of a dilated bronchus.

A dedicated and detailed instruction of the
patient how to deeply breathe in and out and
especially to hold the breath before data acquisi-
tion is therefore an important step toward high
image quality (Vikgren et al. 2008).

Cardiac pulsation artifacts typically affect the
paracardiac regions of the left lower lobe and to a
lower extent of the lingula and middle lobe. Aortic
pulsation may affect lung areas adjacent to the
aortic arch or the descending thoracic aorta, being
the segments six and ten of the left lower lobe. In
selected cases these pulsation artifacts may be
misleading and can cause false positive findings.
Typical artifacts are double contours of the bron-
chial walls mimicking bronchiectasis and hyper-
lucencies close to arteries mimicking emphysema.
Usually they do not cause diagnostic problems if
correlated to the blurred heart contour.

Options to reduce pulsation artifacts are reduced
gantry rotation time, segmented reconstruction, or
ECG triggering of scan acquisition. Reduced gan-
try rotation time and segmented reconstruction are
means to increase scanning speed, but they go
along with decreased dose delivery and thus
increase of image noise. Prospective ECG trigger-
ing leads to a significant prolongation of measure-
ment time, which interferes with the breath-hold
capabilities of many patients. Retrospective cardiac
gating would therefore be the method of choice to
avoid disturbing pulsation artifacts at the expense
of a markedly increased acquisition dose. In princi-
pal, techniques for coronary CT imaging can be
used, without contrast administration, adaptation
of the FOV to cover both lungs, and adaptation of
acquisition dose. Similarly to motion-free imaging
of the coronaries, motion-free imaging of the lung
parenchyma would be achieved.
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Nevertheless, the few studies that compared
image quality with and without ECG triggering —
carried out with relatively small groups of
patients — found a significantly increased image
quality based on artifact reduction, however, with-
out relevant impact on diagnostic performance or
confidence (Boehm et al. 2003). With the fast
rotation time of most scanners used today, cardiac
pulsation artifacts are significantly reduced and
there appears no indication for ECG triggering for
diagnostic workup of interstitial lung diseases.

3 Image Display
and Processing
3.1 Windowing
There is no single correct or ideal window setting
for evaluating the lung parenchyma. Window set-
tings have to be optimized with regard to the set-
tings of scanners and monitors. Several
combinations of window level and window width
may be appropriate, and individual modifications
based on personal preferences play a role.

Nevertheless, it is advisable to use a chosen lung
window setting consistently in all patients to opti-
mize comparison between different patients and
between sequential examinations of the same patient.
It is also very important to use window settings con-
stantly to develop a visual default and thus under-
standing of normal and abnormal findings. Additional
window settings may be useful in specific cases,
depending on what abnormality is in question.

For the assessment of a routine lung examina-
tion, window level settings ranging from —600 to
—700 HU and window widths of 1000-1500 HU
are recommended. Wider window width (i.e.,
2000 HU) may be applied for the evaluation of
overall lung attenuation and high-contrast inter-
faces, especially of peripheral parenchymal
abnormalities along the pleural interfaces. For
example, wide windows are therefore advised for
the assessment of asbestosis.

Low window level settings (e.g., —800 to
—900) and narrow window width (500 HU) facili-
tate the detection of subtle attenuation differ-
ences and are therefore suited for the detection of
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Fig. 6 Impact of window width on visualization of structures and bronchial wall thickness: (a) narrow window; (b)

normal window settings

emphysema, air trapping, or air-filled cystic
lesions.

The window setting has a substantial effect on
the accuracy of size measurements. This is par-
ticularly important for the assessment of bron-
chial lumen diameter and bronchial wall
thickness. It has been demonstrated that an inter-
mediate window width between 1000 and
1400 HU together with a window level between
—250 and —700 HU reflects best the true size of
the bronchi and especially the thickness of the
bronchial wall (Bankier et al. 1996) (Fig. 6).

As aresult, it might be necessary to use differ-
ent window settings for identifying pathological
changes of the parenchyma or the pleura on one
side and for the measurement of bronchial diam-
eter and wall thickness on the other side. Window
level settings of 40-50 HU and window width
settings of 350-450 HU are generally recom-
mended for evaluation of the mediastinum, the
hili, and the pleura.

3.2 Multiplanar Reformations

Multidetector-HRCT produces an isotropic data-
set that allows for contiguous visualization of the
lung parenchyma in three dimensions and to cre-
ate multiplanar two-dimensional (2D) recon-
structions in any arbitrary plane. Mostly planar

coronal and sagittal reconstructions are routinely
performed and considered standard for recon-
structed series of any HRCT dataset (Prosch et al.
2013; Beigelman-Aubry et al. 2005; Walsh et al.
2013) (Fig. 2).

Coronal reformations facilitate the display of
disease distribution, e.g., the craniocaudal gra-
dient representing a key finding in idiopathic
pulmonary fibrosis (IPF) or the upper lobe pre-
dominance in sarcoidosis or Langerhans cell
histiocytosis (LCH). Coronal MPRs are also
preferred by many clinicians because they facil-
itate anatomic orientation (Eibel et al. 2001a)
and produce images more easily comparable to
chest radiographs. Advantages of sagittal MPR
include the sharper delineation of the interlobar
fissures and thus an improved anatomic local-
ization of lesions close to the lobar border or for
lesions with transfissural extent (Eibel et al.
2001a, b). Sagittal images also ease the evalua-
tion of the thoracic spine and the dorsal costo-
phrenic angle.

For the dedicated evaluation of the relation-
ship between parenchymal lesions and airways,
curved MPR can be useful following the course
of the branching tubular airways (Lee and
Boiselle 2010). Both coronal and sagittal MPR
are superior to the axial scans alone to illustrate
the location and extent of abnormalities situated
in the central tracheobronchial system.
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Though there is a high level of concordance
between reading coronal and axial slices with
regard to the identification of parenchymal dis-
ease, there is a general agreement that coronal or
sagittal MPRs have a complimentary role, but are
not regarded as the principle scan plane used for
diagnostic evaluation.

3.3 Maximum Intensity Projection

Maximum intensity projection (MIP) is a 3D dis-
play technique, displaying the voxel of maximum
intensity along the path of X-rays. To retain spa-
tial information, MIPs are usually reconstructed
with a thickness between 5 and 10 mm, depen-
dent on the indication. Since they largely facili-
tate the differentiation between tubular (vascular
structures) and nodular densities, their major
advantage lies in demonstrating the distribution
of nodules (Remy-Jardin et al. 1996; Beigelman-
Aubry et al. 2005). The analysis of nodule distri-
bution pattern in relation to the secondary lobule
(e.g., perilymphatic, centrilobular, or random) is
one of the key elements for the differential diag-
nosis; however, especially in cases with subtle
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Fig.7 1 mm axial slice (a) and 10 mm maximum inten-
sity projection (MIP, b) demonstrating the better visual-
ization of the distribution of a diffuse nodular pattern in
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findings and low numbers of nodules or on the
contrary in cases with a very high number of nod-
ules, it can be difficult to assess their distribution
on axial thin slices alone, since vascular struc-
tures and nodules have the same appearance
(Fig. 7).

Similarly, MIPs are very useful for the detec-
tion of (solitary) nodular densities, e.g., metasta-
ses. MIPs were found to show a large advantage
especially in the central parts of the lungs; it
proved to be significantly superior to regular
MPR with over 25% additional findings and
increased diagnostic confidence (Peloschek et al.
2007) (Fig. 8).

In one study 103 patients with suspicion or
evidence of pulmonary nodules underwent
MDCT with a collimation of 1 mm. MIP and
MPR were reconstructed in all three planes. The
MIP were superior in the depiction of pulmonary
nodules at a statistically significant level.
Additional lesions were identified with MIP that
were missed with transaxial slices and MPR. The
improvement by MIP was based on the identifi-
cation of nodules smaller than 5 mm in diameter.
The improvement by MIP also led to an increase
in diagnostic confidence (Eibel et al. 2001b). In a

e

MIPs in a patient with diffuse tree-in-bud due to infec-
tious bronchiolitis nodular densities (here small granulo-
mas) in MIPS
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Fig.8 1 mm axial slice (a) and 7 mm maximum intensity projection (MIP, b) demonstrating the better visualization of
nodular densities (here small granulomas) in MIPs

different study, MIPs led to the detection of addi-
tional findings in 27 % of patients with nodular
disease (Gavelli et al. 1998).

Finally, MIP sections of variable thickness
allow assessing the size and location of pulmonary
vessels. Recognizing enlarged pulmonary veins is
useful in differentiating the diagnosis of pulmo-
nary edema from other causes of diffuse ground-
glass attenuation. In case of a mosaic attenuation
pattern, MIP contributes to the differentiation of
ground-glass attenuation (normal vascular diame-
ter) and mosaic perfusion (altered vascular diam-
eter). Eventually, MIP can help to differentiate
between constrictive bronchiolitis and mixed
emphysema (Beigelman-Aubry et al. 2005).

34 Minimum Intensity Projection

Minimum intensity projections (MinIPs) are less
commonly used, but have been shown to facilitate
the assessment of lung disease associated with
decreased attenuation. MinIPs are created by pro-
jecting the voxel with the lowest attenuation value
for every view throughout the volume onto a 2D
image. It was demonstrated that MinIP enhances
the visualization of air trapping as a result of small
airway disease, yielding not only increased
observer confidence but also increased interreader
agreement as compared to HRCT alone (Fig. 9).
MinIPs revealed additional findings in 8% of
patients with emphysema and in 25% of cases

with ground-glass opacities (Gavelli et al. 1998).
These results have been confirmed by another
study where MinlIP improved the detection of pul-
monary cysts and their differentiation from hon-
eycombing (Vernhet et al. 1999).

There is a subtle difference in density between
the endobronchial (pure) air and the lung paren-
chyma (HU difference 50-150). This allows
visualization of the bronchi below the subseg-
mental level (Beigelman-Aubry et al. 2005)
(Fig. 10). Recently, more attention has been paid
to the options of MinlPs in facilitating the dif-
ferentiation of bronchiectasis from honeycomb-
ing. The presence of honeycombing represents a
key finding for the diagnosis of UIP/IPF (Raghu
et al. 2011), but a relatively large interreader dis-
agreement, even between experienced radiolo-
gists, has been described (Watadani et al. 2013).

3.5 Quantitative CT as Imaging

Biomarker

CT is increasingly being used to stage and quantify
the extent of DILD both in clinical practice and in
treatment trials. The continuous data acquisition of
CT with high isotropic resolution provides unique
options for computer-supported quantification of
diffuse lung disease. There has been a history in
quantifying emphysema and airway disease in
COPD patients with the ultimate goal to identify
different phenotypes in the spectrum of
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Fig.9 3 mm coronal MPR (a) and 10 mm minimum intensity projection (MinIP, b) demonstrating the better visualiza-

tion of lobular air trapping

Fig. 10 1 mm coronal MPR (a) and 10 mm minimum
intensity projection (MinlP, b, ¢) demonstrating the better
visualization of bronchiectasis; increased peribronchial

COPD. Recently, these efforts of computer-based
analysis have been expanded to DILD.
Quantification of the extent of interstitial lung
disease, both at a single time point and longitudi-
nally, poses a challenge for several reasons:

* Mostly, DILD often consists of a mix of vari-
ous patterns that show a considerable overlap
between different DILD, rendering it difficult
to clearly distinguish one from the other.

A
N
-

parenchymal density increases the visualization of ectatic
peripheral bronchi

e The characterization of the pattern is influ-
enced by inspiration depth, motion artifacts,
and overlying other diseases such as infection.

e The extent of architectural distortions in all
three spatial dimensions and within the lobu-
lar anatomy is difficult to assess.

Multiple studies have shown that type and
extent of parenchymal changes, including accom-
panying airways pathology, correlate with lung
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function, disease progression, response to ther-
apy, and last but not least, disease prognosis. It
has to be stated however that the extent of corre-
lation is very variable for the different diseases
and highly dependent on the type of pathology
and thus the appreciated HRCT pattern.

Goh and colleagues proposed an interesting
concept of combining a relatively simple visual
quantification with pulmonary function (Goh
et al. 2008). Firstly, the disease extent was dif-
ferentiated into minimal or severe (less or more
than 20 % involved lung area). For the subgroup
of patients in which the disease extent was not
readily classifiable on HRCT (so-called indeter-
minate), the distinction between limited and
extensive was based on FVC threshold values
below or beyond 70 % predicted (FVC=forced
expiratory vital capacity). Using this relatively
simple two-step approach, the authors were able
to discriminate two groups of patients with sig-
nificantly different outcomes and thus prognosis.

A similar approach of combining extent of
disease on HRCT with pulmonary function tests
has been successfully applied to patients with
sarcoidosis and connective tissue diseases. For
example, severity of traction bronchiectasis,
extent of honeycombing, and DLco were found
to be strongly associated with mortality in con-
nective tissue disease related fibrotic lung disease
(Walsh et al. 2014a, b). Similarly an extent of
fibrosis exceeding 20%, the diameter ratio
between the aorta and main pulmonary artery,
and a composite score of pulmonary function
tests formed a significantly more effective pre-
diction for mortality in sarcoidosis patients than
any of the factors individually (Walsh et al.
2014a).

There has been an increasing interest for the
use of automatic CT quantification as imaging bio-
marker to document disease response to treatment,
disease progression, and eventually prognosis.
Such a biomarker should be measurable but also
reproducible and linked to relevant clinical out-
come parameters (Goldin 2013). To meet the first
two demands, rigorous standardization of imaging
protocols over several sites and time points is
needed, including centralized scanner and image
quality checks. The underlying technique of
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automatic, texture analysis-based CT quantifica-
tion is beyond the scope of this book chapter.
There has been a number of studies evaluating the
use of a computer-derived quantitative lung fibro-
sis score (QLF) for assessment of baseline disease
extent and changes over time in patients with IPF
(Kim 2015) and scleroderma patients treated with
cyclophosphamide (Kim 2011). While this algo-
rithm focuses solely on fibrotic changes, a differ-
ent approach is used by the so-called CALIPER
software (computer-aided lung informatics for
pathology evaluation and rating), which associates
a certain group of neighboring voxels to one of the
basic patterns (normal, emphysema, ground glass,
honeycombing, and reticular) for the complete
lung volume (Bartholmai 2013). A recently pub-
lished position paper by the Fleischner society
(Hansell et al. 2015) acknowledges that CT has not
only the potential to select the most appropriate
patients to be included in treatment trials but also
to represent a study end point in conjunction with
other markers. This recent development has been
fueled by the increasing precision with which
image-processing software can quantify diffuse
lung diseases.

4 Image Analysis

A widely accepted approach for analysis of
HRCT in the context of DILD is based on the
four patterns of pathological findings. It provides
a structured and in certain ways standardized
HRCT analysis and provides, together with dis-
tribution of the parenchymal changes, clinical
history (acute versus chronic), and associated
clinical (e.g., bronchoalveolar lavage) and imag-
ing findings (e.g., lymphadenopathy, pleural
effusion), the base for a differential diagnosis.
The four patterns differentiate between:

* Nodular opacities (I)

e Septal/reticular changes with parenchymal
distortion (II)

* Diseases with increased density (III), includ-
ing ground glass and consolidations

* Diseases with decreased density, mosaic pat-
tern, and cysts (IV)
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For communication with clinicians, it is
important to use a cohesive terminology of signs
and patterns describing the findings, so that they
will know how a specific differential diagnosis
has been made and what the confidence level of
this diagnosis is. It has to be noted again that the
final diagnosis in patients with DILD should be
made within a multidisciplinary conference
involving clinicians, radiologists, and patholo-
gists and should thus be the result of a multidisci-
plinary approach.

A number of interstitial lung diseases are
associated with such a characteristic pattern on
HRCT, that diagnosis is strongly promoted by
image findings, e.g., Langerhans cell histiocyto-
sis, lymphangioleiomyomatosis, end-stage lung
disease of usual interstitial pneumonia (UIP), and
certain stages of sarcoidosis. Other diseases show
a combination of findings that considerably over-
lap with a number of possible diagnoses, which is
often the case in advanced disease with consider-
able parenchymal destruction. For example, there
can be considerable overlap between sarcoidosis
stage IV, UIP/IPF, and chronic exogenous aller-
gic alveolitis.

4.1 Normal Anatomy

Localization and extent of parenchymal abnormali-
ties are described in relation to readily appreciable
anatomical structures, such as lobes and segments.
The secondary lobule is the smallest anatomic unit
bordered by connective tissue in the lung and rep-
resents one of the key anatomic structures in HRCT
analysis that can be analyzed in its three-
dimensional architecture.

In general, the secondary lobule measures
between 1 and 2.5 cm in diameter, being bigger
and rectangular in the periphery and smaller and
more hexa- or polygonal in the central lung. The
centrilobular core structures are formed by the
pulmonary artery branch, the bronchiolus termi-
nalis, lymphatics, and some connective tissue. It
is important to note that under normal conditions,
only the central pulmonary artery is visible on
HRCT. The bronchiolus terminalis is below the
spatial resolution and not visible under normal
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circumstances. Interlobular or perilobular septa
represent the outer margin of the secondary lob-
ule. They contain lung veins and lymphatics. In
the peripheral subpleural 2 cm of lung paren-
chyma, only pulmonary arteries and some septal
boundaries in an irregular distribution are visible.
As soon as interlobular septa are regularly spaced
or small airways become visible, these findings
represent pathology. It is readily understandable
that especially subtle pathological findings, such
as an increased number of septal lines, is more
easily appreciated in continuously scanned
parenchyma that can be evaluated in all three pro-
jections as warranted.

4.2 Nodular Pattern

Pulmonary nodules are spherical or ovoid. They
are categorized according to size, attenuation,
margination, and localization. A general catego-
rization of size results in micronodules (<3 mm),
nodules (3-30 mm), and masses (>30 mm).
Measurements of attenuation are problematic,
but the appearance can be distinguished in being
solid or of ground-glass opacity. Solid nodules
may be sharply or poorly marginated, whereas
ground-glass nodules are often poorly margin-
ated. Values higher than 150 HU are typical for
calcifications and indicate benign, postinflamma-
tory granulomata. A surrounding area with
increased ground-glass density is called “halo.”
The halo sign may be caused by acute inflamma-
tion or hemorrhage.

In general, the location or anatomic distribu-
tion of nodules is of great importance for the dif-
ferential diagnosis. According to localization
with regard to the anatomy of the secondary lob-
ule, three main distribution categories of nodules
are differentiated: perilymphatic, random, and
centrilobular (Fig. 11). Once the predominant
distribution pattern has been determined, the
overall distribution within the complete lung is
considered in the differential diagnosis (Fig. 12).

Perilymphatic nodules occur predominantly
in relation to the lymphatic pathways within the
lung, both histologically and on HRCT. They
appear along the bronchovascular bundles, the
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Fig. 11 Examples of a centrilobular (a), perilymphatic (b), and random (c) nodular distribution. (a) bronchiolitis, (b)

sarcoidosis, and (¢) miliary tuberculosis

Fig.12 1 mm coronal MPR in two patients with a nodular pattern: (a) shows the diffuse distribution in a patient with
bronchiolitis, (b) shows the upper lobe predominance in a patient with sarcoidosis

interlobar fissures, the interlobular septa, and
the subpleural regions. Central, perihilar nod-
ules along the bronchovascular bundle, individ-
ually or clustered, are most typical for
granuloma in sarcoidosis. The nodules usually
measure less than 5 mm, are well defined, and
regularly marginated. They have a predomi-
nance for the perihilar regions and the upper
lobes, which is particularly well depicted on
coronal reformations. Confluence of granuloma
may result in larger irregularly marginated nod-
ules, ground-glass opacities, or consolidations
(Criado et al. 2010).

There might be an overlap between irregularly
thickened interlobular septa caused by lymphan-
gitis carcinomatosa and a perilobular sarcoidosis
with predominantly nodules along the interlobu-
lar septa. While lymphangitis carcinomatosa is
frequently associated with pleural effusion and
strong thickening of the central bronchovascular
interstitium, it is never characterized by lung dis-
tortion. Sarcoidosis on the other hand can show
heavy distortion and usually no pleural effusion.

Typical for a random distribution is its unifor-
mity throughout the lung without a preference for
certain anatomical structures. The involvement
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tends to be bilateral and symmetrical. A nodular
pattern with a random distribution in relation to
leading structures of the secondary lobule is
indicative for a disease process with hematogenous
spread as seen in hematogenous spread of malig-
nant disease, miliary tuberculosis, fungal infec-
tions, cytomegaly, or herpes virus infections.

Centrilobular nodules are limited to the cen-
trilobular regions and are never in contact with
fissures or the pleura. They either originate from
the respiratory bronchioles or bronchioli termina-
les or from the peripheral pulmonary artery
branches. The nodules have a distance of at least
several millimeters from interlobular septa and
fissures and 5-10 mm from the pleural surface
and pleura resulting in the characteristic subpleu-
ral sparing. They present as ill-defined, centri-
lobular ground-glass opacities in exogenous
allergic alveolitis or respiratory bronchiolitis. A
bit larger nodules, mostly ill-defined or consist-
ing of solid components with a small halo around,
are caused by bronchiolitis or small foci of bron-
chopneumonia. In silicosis, nodules can have a
centrilobular as well as subpleural distribution
pattern with a predominance in the posterior
aspect of the upper lobes. Typically, they are
smoothly marginated. The nodules range between
2 and 5 mm in diameter and can be calcified.

A tree-in-bud pattern— representing small-
branching opacities with nodular endings — also
show a centrilobular distribution; they represent
small airway disease with wall thickened and/or
secretion-filled small airways.

As described earlier, maximum intensity pro-
jections are most helpful in analyzing the distri-
bution of nodules (see Sect. 3.3).

4.3 Septal/Reticular Pattern
With or Without Signs

of Parenchymal Distortion

Thickening of the lung interstitium caused by
fluid, fibrous tissue, or cellular infiltration usually
results in an increase in reticular or linear opaci-
ties on HRCT. Interlobular septal thickening is
differentiated from intralobular septal thickening,
although mostly seen together.
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The normal interlobular septa contain venous
and lymphatic structures. They measure approxi-
mately 0.1 mm in thickness and are only occa-
sionally or partially seen on HRCT under normal
conditions. Thickening of interlobular septa
results in outlining the margins of the secondary
lobules in part or completely; a regular network
becomes apparent, and the centrilobular arteries
are easily identified as small dots in the center of
the secondary lobules. For differential diagnosis it
is most important whether increased reticular
margins are associated with signs of parenchymal
distortion (e.g., traction bronchiectasis) suggest-
ing the diagnosis of fibrosis, or whether there are
no signs of distortion as, e.g., seen in crazy paving
(Fig. 13).

Any diseases causing alveolar filling-in and
subsequent filling of intralobular and interlobular
lymphatics will cause a pattern of crazy paving
which describes the combination of ground-glass
and reticular densities. Such conditions are seen
in edema, bleeding, and pneumonic infiltrations,
but also in alveolar proteinosis, storage diseases,
or lymphoproliferative disorders.

When caused by fibrosis, intralobular intersti-
tial thickening results in traction bronchiectasis
and bronchiolectasis, as well as displacement of
fissures. This reticular pattern of thickened intra-
and interlobular septa, as well as irregular thick-
ening of the bronchovascular interstitium
(interface sign) is an important diagnostic find-
ing in the heterogeneous group of interstitial
lung diseases (ILD). The most recent 2013 clas-
sification of the American Thoracic Society
(ATS) and European Respiratory Society (ERS)
distinguishes usual interstitial pneumonia (UIP),
the specific histopathological pattern seen in
idiopathic pulmonary fibrosis (IPF), from six
non-IPF subtypes: acute interstitial pneumonia
(AIP), respiratory bronchiolitis interstitial lung
disease (RB-ILD), desquamative interstitial
pneumonia (DIP), organizing pneumonia (OP),
lymphoid interstitial pneumonia (LIP), and non-
specific interstitial pneumonia (NSIP) (Walsh
and Hansell 2010).

Usual interstitial pneumonia (UIP) carries a
particularly poor prognosis: its 5-year survival
is approximately 15-30 %. Because of prognos-
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Fig. 13 1 mm axial slices in two patients with increased
density in a geographic distribution: (a) shows no signs of
distortion (desquamative interstitial pneumonia=DIP),

tic and lately also therapeutic differences, UIP/
IPF is separated from the remaining ILDs. The
definition of IPF is a specific form of chronic,
progressive fibrosing interstitial pneumonia of
unknown cause that occurs primarily in older
adults and is limited to the lungs and associ-
ated with the histopathologic and/or radiologic
pattern of UIP. Other forms of interstitial pneu-
monia, including other idiopathic interstitial
pneumonias and ILD associated with environ-
mental exposure, medication, or systemic dis-
ease, must be excluded. UIP is characterized
by the presence of reticular opacities associated
with traction bronchiectasis. Honeycombing is
critical for making a definite diagnosis following
the criteria by Raghu et al. (Raghu et al. 2011)
(Fig. 14). For the HRCT-based diagnosis of UIP,
ground glass can be present, but is less exten-
sive than reticulation. The distribution of UIP is
characteristically predominantly basal and sub-
pleural. Coexistent pleural abnormalities (e.g.,
pleural plaques, calcifications, pleural effusion)
suggest an alternative etiology for the UIP pat-
tern. Also, findings such as micronodules, air
trapping, cysts, extensive ground-glass opaci-
ties, consolidation, or a peribronchovascular-
predominant distribution represent findings
inconsistent with UIP and suggest an alternative
diagnosis (Fig. 15).

(b) shows bronchiectasis and reticulation as signs of fibro-
sis; additionally, there are areas of air trapping (chronic
exogenic allergic alveolitis)

A UIP pattern on HRCT is highly accurate for
the presence of UIP pattern on surgical lung
biopsy. In the absence of honeycombing, but
imaging features otherwise meeting the criteria
for UIP, the HRCT findings are regarded as repre-
senting a “possible UIP,” and surgical lung biopsy
is necessary if a definitive diagnosis is required
(Raghu et al. 2011).

Nonspecific interstitial pneumonia (NSIP)
forms the second group of lung fibrosis, having a
very variable clinical, radiological, and histologi-
cal presentation. It may be idiopathic but is more
commonly associated with collagen vascular dis-
eases, hypersensitivity —pneumonitis, drug-
induced lung disease, or slowly healing DAD. The
typical HRCT features are ground-glass opaci-
ties, irregular linear (reticular) opacities, and
traction bronchiectasis. It has a peripheral and
basal predominance, with typically (but not
always present) relative sparing of the immediate
subpleural space in the dorsal regions of the
lower lobes. A more acute inflammatory (cellu-
lar) type of NSIP representing with predominant
ground glass is differentiated from the more
fibrotic type representing with reticulation and
traction bronchiectasis (Fig. 16). Opposite to
UIP, NSIP can also demonstrate a very patchy
distribution. NSIP is typically characterized by a
more uniform pattern, indicating the same stage
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Fig. 14 Definite usual interstitial pneumonia (UIP) with honeycombing in a subpleural and mostly basal distribution.

There is traction bronchiectasis and very little ground glass

(1]
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Fig. 15 Patient with fibrosis inconsistent with UIP through the predominant basal distribution: there is no honeycomb-
ing, but areas of ground glass and consolidations; reticulation is not predominant over ground glass

of evolution of disease, distinct from the multi-
temporal and morphological heterogeneity of
UIP.

It has to be noted that UIP is not specific for
IPF. UIP is also seen in a number of other DILD,
such as asbestosis (pleural plaques and calcifica-
tions), sarcoidosis (upper lobe disease, heavy
parenchymal distortion, associated nodular dis-
ease in perilymphatic distribution), or exogenic
allergic alveolitis (bronchovascular-centered
fibrosis, air trapping, relative sparing of the pos-
terior costophrenic recesses).

4.4 Increased Density

Acute interstitial pneumonia (AIP) is histologi-
cally characterized by hyaline membranes within
the alveoli and diffuse, active interstitial fibrosis
also described as “diffuse alveolar damage”
(DAD). There is clinical, pathological, and radio-
logical overlap with ARDS, and patients often
present with respiratory failure developing over
days or weeks. Typical HRCT features are bilat-
eral ground-glass opacities (patchy or diffuse)
and consolidations. Focal sparing of lung lobules
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Fig. 16 The “many faces” of nonspecific interstitial
pneumonia (NSIP): (a) subpleural bands of reticulation
and ground glass (systemic sclerosis), (b) diffuse fine

frequently result in a geographic distribution. In
later stages architectural distortion with traction
bronchiectasis, reticulation, and even honey-
combing develops.

Respiratory bronchiolitis interstitial lung dis-
ease (RB-ILD), desquamative interstitial pneu-
monia (DIP), and, last but not least, nonspecific
interstitial lung disease (NSIP) belong to the
spectrum of smoking-induced lung changes.
RB-ILDs consist of centrilobular acinar ground-
glass nodules that may be confluent to areas of
ground-glass opacities and thickening of the
bronchial walls. A small percentage has a mild
reticular pattern mainly in the lower lung zones.
Desquamative interstitial pneumonia (DIP) is
uncommon in its idiopathic form and mostly
associated with smoking. HRCT features are
similar to those encountered in RB-ILD,
although the distribution is diffuse in DIP and

reticulation and traction bronchiectasis (systemic sclero-
sis), (¢) patchy areas of ground glass and traction bronchi-
ectasis (CREST)

more bronchiolocentric in RB-ILD. The typical
HRCT feature of DIP is diffuse ground-glass
opacity, sometimes in a geographic distribution;
reticulation is uncommon.

Organizing pneumonia (OP) is a common
reaction pattern secondary to pulmonary infec-
tion, connective tissue diseases, inflammatory
bowel disease, inhalation injury, hypersensitivity
pneumonitis, drug toxicity, malignancy, radiation
therapy, or aspiration but can also be idiopathic.
Organizing pneumonia can present with a wide
variety of HRCT findings with increased density,
ranging from a more nodular pattern to geo-
graphically demarcated ground-glass or focal
consolidations. Suggestive for organizing pneu-
monia (as opposed to an infectious pneumonia)
are sharply demarcated consolidations in a
peripheral subpleural distribution or following
the bronchovascular bundle (Fig. 17). Mostly the
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Fig. 17 Patterns with increased density: (a) organizing
pneumonia with sharply demarcated areas of consolida-
tions and ground glass, (b) crazy pacing in alveolar pro-

areas with increased density show dilated air-
filled bronchi without signs of underlying distor-
tion. A patchy distribution is described as atoll
sign, demonstrating islands with a peripheral
rim-like consolidation around central areas of
ground glass (reversed halo). Densities along the
periphery of the secondary lobules are described
as perilobular pattern.

4.5 Decreased Density/Cysts
A cystic pattern results from a heterogeneous
group of diseases, all having in common the pres-
ence of focal, multifocal, or diffuse parenchymal
lucencies and lung destruction. For the differen-
tial diagnosis, the presence of walls around the
lucencies and the form of the lucencies (bizarre
shaped or uniform round) is important.

The term “cyst” by itself is nonspecific and
refers to a well-circumscribed round or irregu-
lar lesion with a visible wall. The wall is usually

teinosis, (c¢) ground glass with air trapping in subacute
exogenic allergic alveolitis

thin (<2-3 mm), but can have a uniform or vari-
able thickness. Most cysts are filled with air, but
can also contain liquid, semisolid, or solid mate-
rial. Cysts can be very small and diffuse, but
also large and confluent resulting in polygonal
bizarre shapes. The presence of a definable wall
demonstrated on CT differentiates cysts from
emphysema.

Cysts are the leading pattern of specific lung
diseases, such as Langerhans cell histiocytosis or
lymphangioleiomyomatosis (LAM). Other more
rare diseases with cysts are LIP and Birt-Hogg-
Dube (Fig. 18).

Incidental lung cyst without other HRCT
abnormalities and without a history of lung dis-
ease or signs of architectural distortion have been
reported as a normal finding in elderly patients,
ranging from 5 to 22 mm and located in all lobes.

In the early phase, Langerhans cell histiocyto-
sis (LCH) has a typical nodular pattern with mul-
tiple, <10 mm small centrilobular nodules with
irregular margins. Later these nodules increase in
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Fig. 18 Patterns with cystic parenchymal disease den-
sity: (a) Lymphangiomyomatosis with uniform cysts and
enlarged pleural space after recurrent pneumothoraces,
(b) diffuse ground glass and subpleural cysts in lympho-

size and have a tendency to cavitate and to
develop into cystic lesions with a diameter of up
to 2 cm. The cysts are often confluent, have
bizarre or irregular shapes, and are usually thin
walled, but may be thick walled. LCH is predom-
inantly located in the upper lobes, with sparing of
the costophrenic sinus, which is better depicted
on coronal reformations than on cross-sectional
images. The thin walls of the cysts are prone to
rupture, with an increased risk of pneumothorax.
Concomitant nodules are usually irregular, mea-
sure 1-5 mm, and often have a centrilobular dis-
tribution.  The  interspersed  pulmonary
parenchyma is typically normal, without evi-
dence of fibrosis or septal thickening.

Lymphoid interstitial pneumonia (LIP) is
uncommon and considered as part of a spectrum
of pulmonary lymphoproliferative disorders,
ranging from benign accumulation to malignant

cytic interstitial pneumonia (LIP), (¢) bizarre-shaped
cysts predominantly located in the upper lobes in
Langerhans cell histiocytosis (LCH)

lymphomas. Mostly itis associated with Sjogren’s
disease, HIV infection, or other immunological
disorders. On HRCT, typical findings are sharply
demarcated cysts in a subpleural distribution with
intraluminal septae associated with diffuse
ground glass of the lung parenchyma. Poorly
defined centrilobular nodules, thickening of the
bronchovascular bundles, patchy ground-glass
opacities, and focal consolidations also belong to
the spectrum. In cases with consolidations, a
lymphoma needs to be excluded.
Lymphangioleiomyomatosis (LAM) usually
occurs in young women and is frequently associ-
ated with recurrent pneumothorax and pleural
effusion. The cysts are distributed bilateral dif-
fusely throughout the lung, involving both upper
and lower lobes, with also involvement of the
lung bases. They are thin walled, round, and mea-
sure 0.2-5 cm. Their wall is thin, ranging from
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barely visible to 4 mm in thickness. Since the thin
walls of the cysts are prone to rupture, there is an
increased risk of pneumothorax. Pleural effusion
may also be seen. The surrounding parenchyma
is typically normal. Nodules are uncommon, but
may be associated with the cysts.

Sometimes it may be difficult to distinguish
lymphangioleiomyomatosis and Langerhans cell
histiocytosis from emphysema. A helpful finding
is that the cystic spaces in LAM and LCH do not
have any central nodular opacities, whereas the
cystic spaces seen with centrilobular emphysema
contain a small central nodular opacity represent-
ing the centrilobular artery.

Honeycomb cysts constitute the irreversible
final stage of parenchymal destruction in patients
with interstitial fibrosis (end-stage lung) of
UIP. It is seen in IPF but also in collagen vascular
diseases, asbestosis, hypersensitivity pneumoni-
tis, or drug-related fibrosis. The cystic spaces are
usually round or ovoid and measure between sev-
eral millimeters and 1 cm in diameter, although
more rarely they can be several centimeters in
size. Within one individual, however, they are
mostly uniform. They have clearly definable
walls which are 1-3 mm thick. Honeycomb cysts
seem to develop from alveolar disruption and
massively dilated alveolar ducts and bronchioles.
Honeycombing is associated with other findings
of lung fibrosis, such as septal and reticular pat-
tern, architectural distortion, and traction bron-
chiectasis. Most patients demonstrate several
layers of irregular cystic spaces (honeycombs),
which are separated from each other by irregular
thick walls and intralobular septa and lines.
However, note that also a singular layer of cystic
spaces with thickened wall are described as hon-
eycombing and fulfill the criteria for a definite
UIP under appropriate conditions.

Though the definition of honeycombing is
quite straightforward, a substantial interreader
variability has been described for the diagnosis of
honeycombing, which needs attention given the
importance of honeycombing for the diagnosis of
UIP. Even on HRCT it is not always possible to
securely separate the walls of the honeycomb
cysts from the thickened intralobular fibrous
bands. Secondly, it is important to differentiate
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honeycombing from tubular bronchiectasis reach-
ing all the way to the pleura. MinIPs have been
described as helpful to differentiate between tubu-
lar bronchiectasis and focal cysts (see Sect. 3.3).

5 Summary

Continuous volumetric HRCT offers a number of
advantages over discontinuous axial thin section
CT slices, of which the most important ones refer
to improved detection of subtle disease, better
and more accurate comparability, and superior
quantitative measures. A number of processing
options such as MIP and MinIP ease analysis of
HRCT patterns. Most recent developments of
detector and reconstruction technology have
made up for the disadvantage of continuous ver-
sus discontinuous data acquisition of the past,
allowing for substantial dose savings. All these
arguments have led to the fact that HRCT is rou-
tinely based on volumetric data acquisition.
Today basically each chest CT offers the spatial
resolution of a HRCT in all three dimensions,
and it depends on the indication of the examina-
tion (e.g., malignancy versus diffuse parenchy-
mal disease) whether contrast media is injected
and which slice thickness and reconstruction
techniques (e.g., MIP and MinlP) are applied.
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Abstract

Computed tomography (CT) plays a key role in various kinds of pulmo-
nary infections especially in immunocompromised patients, owing to its
much higher sensitivity and specificity than the traditionally performed
chest X-ray. CT permits the detection of the main infectious pattern and
associated findings with high confidence and allows for the precise assess-
ment of all involved structures, to potentially guide a bronchoalveolar
lavage or another diagnostic procedure, and to ensure a reliable follow-up.
It may be performed at a carefully chosen dose, which may nearly reach
that of a chest X-ray in specific situations. The importance of post-
processing tools is undeniable in some conditions, in particular for the
evaluation of micronodules in the immunocompromised population. The
wide spectrum of features of specific organisms according to the immune
status, such as in aspergillosis or tuberculosis, must be known, as well as
the potential of atypical presentations in case of Pneumocystis jirovecii
(PCP) pneumonia when occurring in non-HIV immunocompromised
patients. In all cases, underlying disorders must be considered as well as
all the differential diagnoses. Overall, CT definitely helps clinicians to
diagnose pulmonary infections and to make treatment decisions, espe-
cially in vulnerable patients.

Imaging plays a crucial role in the diagnosis of
respiratory infections that are a source of high
morbidity and mortality especially regarding the
increasing number of elderly and immunocompro-
mised patients (Franquet 2006; Herold and Sailer
]C): Beigel.man?lubry (g).sl. sccfll_mlidt 2004). Despite its much greater sensitivity and
Uili%gg)ssittl;I?Irz)spiri;elrl\:xtsfr?r?e, Ldaufaﬁﬁzz Switzerland specificity than plain film radiography (Heussel

et al. 1999), computed tomography (CT) has not
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most cases. It must be performed when there is a
high clinical suspicion of infection with normal,
ambiguous, or nonspecific chest X-ray findings,
especially in immunocompromised patients
(Beigelman-Aubry et al. 2012), in case of atypical
clinical and/or radiological presentations, or when
an empyema or abscess is suspected (Stigl and
Marrie 2013). CT is able to detect even subtle
lesions, while demonstrating them earlier than
chest X-ray, as well as associated abnormalities or
underlying conditions. In addition, it may suggest
alternative diagnoses, and can guide interventions
to take specimens for microbiology, regardless of
the applied technique, either bronchoalveolar
lavage (BAL) or percutaneous, transbronchial, or
transthoracic needle biopsy. CT is also the imag-
ing modality of choice to monitor response to spe-
cific treatment. Although the major CT patterns of
pneumonia may be individualized, there is no spe-
cific one caused by one particular microorganism.
Moreover, multiple CT patterns frequently coexist
in the same patient with pulmonary infection. In
addition, the radiological appearance of the organ-
ism-specific infection can change depending on
the degree of the patients’ immunosuppression.
The infective agents also vary with the type of
immune deficiency. As the suggested diagnoses
will very much depend on the individual setting,
the conclusions drawn from the CT exam must
always be integrated into the epidemiological,
clinical data and laboratory tests and should result
from a multidisciplinary approach. A first reminder
of the most common types of pneumonias will be
proposed before describing the technical approach
and the main CT patterns encountered in routine
practice.

1 Pneumonia Types

Community-acquired pneumonia (CAP), hospital-
acquired pneumonia (HAP), ventilator-associated
pneumonia (VAP), and healthcare-associated
pneumonia (HCAP) are the main categories of
pneumonias recognized by the currently accepted
clinical classification of pneumonia (American
Thoracic Society/Infectious Diseases Society of
America 2005).

C. Beigelman-Aubry and S. Schmidt
1.1 Community-Acquired
Pneumonia (CAP)

Community-acquired pneumonia (CAP) is
defined as an acute infection of the lung
parenchyma acquired in the community, i.e., in
outpatients or residents in long-term care facil-
ities, >2 weeks before the onset of symptoms
(Stigl and Marrie 2013). It can vary from a
mild outpatient illness (Herold and Sailer
2004) to a more severe disease requiring hospi-
tal admission and, at times, intensive care
(Niedemann 2015). The development of CAP
may be related to either a defect in host defense,
an exposure to an especially virulent pathogen,
an overwhelming inoculum of microorgan-
isms, or a combination of those factors
(Stigl and Marrie 2013). Respiratory disorders,
such as chronic obstructive pulmonary disease
(COPD), cardiovascular disease, diabetes
mellitus, chronic liver disease, HIV infection,
and other forms of immune suppression,
chronic kidney disease, old age, malignancy,
any neurologic illness that predisposes to aspi-
ration including seizures, alcoholic abuse,
smoking, and splenectomy, are predisposing
host conditions (Niedemann 2015). The
diagnosis of CAP, usually based on the
presence of cough, fever, sputum production,
and/or pleuritic chest pain, is supported by
infiltrates detected on the chest radiography in
most cases. CT is therefore rarely required.
Typical causative organisms of bacterial CAP
include gram-positive bacteria such as
Streptococcus pneumoniae (pneumococcus)
that is responsible for approximately one-third
of all cases of CAP, Haemophilus influenzae,
and atypical pathogens, such as Mycoplasma
pneumoniae, Chlamydophila pneumoniae (for-
mally Chlamydia), and Legionella (Niedemann
2015). Viral agents, such as influenza A virus
and respiratory syncytial virus, may also be
involved, as well as fungi and parasites.

About 10-20% of all adult patients hospital-
ized with CAP require admission to an intensive
care unit. Severe CAP, usually defined by respira-
tory and/or circulatory failure, requires mechani-
cal ventilation in 40-80% of cases, with
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concomitant septic shock in up to 50 % of cases
and a high mortality rate (Stigl and Marrie 2013).
Usual complications observed in severe CAP
include empyema, lung abscess, pneumothorax,
acute respiratory distress syndrome (ARDS),
chronic respiratory failure requiring tracheos-
tomy, major cardiac events such as acute coro-
nary syndrome, and multisystem organ failure
(Stigl and Marrie 2013).

1.2 Hospital-Acquired or
Nosocomial Pneumonia (HAP),
Ventilator-Associated
Pneumonia (VAP),

and Healthcare-Associated
Pneumonia (HCAP)

(American Thoracic Society/
Infectious Diseases Society

of America 2005)

HAP or nosocomial pneumonia occurs 48 h or
more after admission and does not appear to be
incubating at the time of admission. Nosocomial
pneumonia is the leading cause of death from
hospital-acquired infections and most commonly
affects intensive care unit (ICU) patients, particu-
larly individuals requiring mechanical ventilation
(Franquet 2008). VAP is a type of HAP that
develops more than 48-72 h after endotracheal
intubation. HCAP is defined as pneumonia that
occurs in settings of a nonhospitalized patient
with extensive healthcare contact, such as wound
care, residency in a nursing home, or hemodialy-
sis. The latter pneumonia is increasingly caused
by multidrug-resistant (MDR) pathogens.
Common pathogens of HAP, VAP, and HCAP are
found in both the Proteobacteria and the
Firmicutes phylum and include aerobic gram-
negative bacilli (e.g., Escherichia coli, Klebsiella
pneumoniae, Enterobacter spp., Pseudomonas
aeruginosa, Acinetobacter spp.) and gram-
positive cocci (e.g., Staphylococcus aureus,
including methicillin-resistant S. aureus [MRSA],
Streptococcus spp.) (Jones 2010). Nosocomial
pneumonia due to viruses or fungi is significantly
less common, except in the immunocompro-
mised patient.
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2 Technical Aspects of CT
Procedures

Today, CT has to be performed on a multidetector
row CT scanner acquiring around 1 mm-thick
sections and using an exposure dose which needs
to be carefully chosen. Low-dose (LD) CT may
be used without impairing the diagnostic infor-
mation of specific CT patterns, in particular in
case of pulmonary fungal infections (Christe
et al. 2012), and even ultralow dose (ULD) CT
may be possible, according to the clinical con-
text. Overall, the dose may be decreased depend-
ing on the size of anomalies to be detected. If
they are greater than 1 cm, which is often the case
for patients with cystic fibrosis and suspected of
acute pulmonary infections, ULD-CT at a dose
that nearly reaches that of a chest X-ray may
demonstrate the abnormalities, provided that the
series are reconstructed with the correct technical
parameters (Fig. 1). These doses also apply to the
follow-up of this young population that is
exposed to frequent ionizing radiation proce-
dures during the whole life. In other cases,
LD-CTs with a CTDI of 2-3 mGy.cm in non-
obese patients (Bankier and Tack 2010) are per-
fectly suited for the follow-up of infectious lung
diseases (Fig. 2). A comparison with previous
baseline examinations is always required to accu-
rately assess the disease’s evolution. Of impor-
tance, although ULD-CT with a mean radiation
expose dose of 0.60+0.15 mSv has been proven
to provide acceptable image quality in case of
pulmonary infections in febrile neutropenic
patients with hematologic malignancy (Kim et al.
2014), caution must be taken due to potential pit-
falls with LD-CT (Fig. 3). Multiplanar reformats
with average intensity projection (AIP) post-
processing of variable thickness may give rise to
tomographic or chest X-ray appearance (Figs. 4
and 5) that may be compared with previous or
following conventional chest X-rays. The use of
maximum intensity projection (MIP) may opti-
mize the detection of micronodules, which some-
times cannot be assessed by using thin slices
alone (Fig. 6). It is also helpful to characterize
micronodules as centrilobular ones with tree in
bud appearance (Fig. 7), corresponding to a
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Fig. 1 Ultralow dose CT was performed because of the
appearance of a cavity with an air-fluid level in the left axil-
lary area on chest X-ray (a) in a 20-year-old female patient
with cystic fibrosis and persistent symptoms due to
Staphylococcus aureus and Cepacia infection despite anti-
biotic treatment. Axial sections reconstructed by using
iterative reconstruction (IR) algorithm (b) and FBP with
soft kernel and a slice thickness of 4 mm (c). Coronal
reformatted image reconstructed by using IR (d, f) and

bronchocentric distribution, or as ones with a
random distribution as seen in miliary disease
(Fig. 8) (Beigelman-Aubry et al. 2005). The use
of minimum intensity projection (mIP) allows to
accurately locate an abnormal area in order to
guide a bronchoalveolar lavage (BAL) (Fig. 9),
to differentiate bronchiectasis from a cavitary
lesion (Fig. 1), to visualize the drainage bronchus
in the latter situation, as well as to help to recog-
nize a bronchopleural fistula.

filtered back projection (FBP) with soft kernel (e.g). The
drainage bronchus of the abscess cavity (d, e) is clearly dif-
ferentiated from the varicose bronchiectasis that are well
assessed with a 3 mm-thick minimum intensity projection
(mIP) reformat (f, g). Despite a slight distortion of the
details seen on the axial image when using IR (b) compared
with FBP (c¢), a substantial reduction of the noise is
observed with IR (d, f)

CT may be performed without or with intrave-
nous (IV) contrast, the latter especially to evalu-
ate the necrotic component of a pneumoniae or
abscesses (Fig. 9) and to optimize the differentia-
tion from an empyema (Figs. 10 and 11). It has
also been described as helpful for differentiation
between a pulmonary angioinvasive mycosis and
a bacterial pneumonia in high-risk hematologic
patients by using volume perfusion CT (Schulze
et al. 2012). IV contrast-enhanced CT is also
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Fig.2 Low-dose CT was performed for the follow-up of
an angioinvasive aspergillosis in a 38-year-old woman
with acute myeloid leukemia. The baseline CT (a) was
performed with a CTDI of 5 and a DLP at 147 mGy.cm
and the follow-up CT (b) with a CTDI of 2 and a DLP of

72 mGy.cm by using filter back projection reconstruction
(FBP) with a soft kernel, without iterative reconstruction
(IR) algorithm. Although a relative lesser image quality
than the reference image, the disease’s evolution may be
perfectly assessed at less than half of the initial dose

Fig. 3 Ultralow dose CT performed at 100 kV and
10 mAs corresponding to a CTDIvol of 0.4 mGy recon-
structed with FBP and a lung kernel. Native thin axial
section (a) and 10 mm-thick maximum intensity projec-
tion reformat (b) exhibit noise well seen outside of the
chest wall. Such noise projected on the lung mimics
micronodulation with random distribution that may

required in case of hemoptysis, being able to
demonstrate enlarged bronchial and non-
bronchial systemic arteries due to former tuber-
culosis or, less frequently, Rasmussen aneurysms

simulate a miliary disease in a context of a febrile
immunocompromised patient. Although IR is the
method of reconstruction of choice with low-dose CT
and available in most institutions today, such potential
pitfalls with FBP and lung kernel must be known when
IR is not available. This precludes the use of such doses
in this setting

(Fig. 12 ) occurring in the same situation as well
as vessel involvement in case of fungal disease
(Fig. 13). It may also highlight a concomitant
thromboembolic disease.
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Fig. 4 Coronal reformatted images with progressive
thickening of the slabs from 1 (a) to 30 (b) to 150 mm
(c) thick slabs by using the average intensity projection
(AIP) post-processing tool in a patient known for a
voluminous bullae of the right apex of the lung with
superimposed infectious alveolar consolidation. Note

Fig. 5 A 60-year-old man suffering from bronchiectasis of
unknown cause presented with fever and new respiratory
symptoms related to an abscess due to a usually nosocomial
germ, Serratia marcescens and Cronobacter, a gram-negative
bacteria of the Enterobacteriaceae family. Chest X-ray (a)
and axial CT section with IV contrast in mediastinal (b) and

that the bullae is not easily seen on the chest X-ray ren-
dering in (c), as it was the case with the conventional
chest X-ray (not shown). The same limitation also
occurs in case of cavitation that may be missed on con-
ventional chest X-ray

lung (c) windows show the abscess of the LUL with thick
walls, a necrotic component and an air-fluid level. The coro-
nal 1.5 mm (d), 30 mm (e), and 150 mm (f) thick AIP refor-
matted images allow for a better understanding of the
opacities related to a bronchocele at the level of the RUL and
the abscess situated close to a bronchiectatic area of the LUL
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Fig. 6 16mm-thick axial MIP image in a 58-year-old
patient with Crohn disease under infliximab treatment.
Although invisible on 1.25 mm-thick axial image (a), the

Fig.7 Chest CT of a 36-year-old patient with ankylosing
spondylarthritis treated by using anti-TNF alpha.
Although numerous micronodules are visible on the thin
axial section (a), their profusion and centrilobular

MIP reformatted image (b) permits to detect micronod-
ules with random distribution that were related to a mili-
ary tuberculosis

distribution with tree in bud appearance related to
Mycoplasma pneumoniae is more obvious when using
10 mm-thick MIP reformat (b). Note the sparing of the
subpleural area typical of centrilobular distribution

Fig.8 Chest CT of a patient suffering from a Good’s syn-
drome (thymoma with immunodeficiency) and miliary
tuberculosis (TB). The thin coronal reformatted image (a)
shows an apparent limited number of nodules, unlike the

10 mm-thick MIP reformat (b) that shows obvious
micronodules with random distribution that were related
to a hematogenous spread of TB
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Fig. 9 Pulmonary abscess related to multisensible
Escherichia coli in a 52-year-old male alcoholic and
heavy smoker suffering from fever with respiratory symp-
toms resisting to first line of antibiotics. After an initial
chest X-ray (a), a chest CT with intravenous (IV) contrast
media injection was performed due to worsening of the
status. It allowed for the exclusion of pulmonary embo-
lism and demonstrated the necrotic component of a pul-
monary abscess of the LUL on axial sections with

3 Main CT Patterns

Although an overlap may be observed among
the different patterns, with several patterns
potentially occurring in various infectious
disorders, the type of pneumonia may be
suggested according to the predominant CT
feature.

3.1 Alveolar Consolidation

Alveolar consolidation, which refers to an
exudate or another product of disease replac-
ing alveolar air and rendering the lung solid,

mediastinal (b) and lung (c) windows. A coronal refor-
matted image (d) showed cavitation within the upper part
of the lesion that was better assessed when applying
7 mm-thick mIP post-processing (e). The latter also
allowed for demonstration of the drainage bronchus that
helped the clinician to guide the BAL. A follow-up CT in
axial sections (f) demonstrated the resolution of this
lesion with a sequelae appearing as a cavity with lobulated
margins with thin wall

appears as a homogeneous increase in pulmonary
parenchymal attenuation obscuring the margins
of vessels and airway walls. It may be associated
with an air bronchogram, a pattern of air-filled
bronchi on a background of high-attenuation air-
less lung (Hansell et al. 2008) that argues against
the presence of a central obstructing lesion
(Walker et al. 2014). Alveolar consolidation can
be differentiated from atelectasis by the absence
of direct and indirect signs of volume loss, such
as fissural displacement, mediastinal shift, and
diaphragmatic elevation. Alveolar consolida-
tion is a major feature of infectious pneumonia
as well as the predominant CT pattern of lobar
pneumonia, bronchopneumonia, or diffuse alveo-
lar consolidation.
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Fig. 10 Empyema with right pulmonary abscesses in a
context of bronchoaspiration pneumonia due to
Streptococcus milleri and Fusobacterium necrophorum in
a 47-year-old patient known for previous drug abuse that
was found unconscious at home. In addition to antibio-
therapy, a thoracoscopy was performed with drainage of
the empyema. The reference chest X-ray (a) shows a pleu-
ral effusion. The axial CT with IV contrast media admin-
istration in mediastinal (b) and lung (¢) window at the
level of the apical segment of the RUL performed at the

3.1.1 Lobar Pneumonia

Lobar pneumonia, characterized by an inflamma-
tory exudate filling distal airspaces, typically
begins in the lung area adjacent to the visceral
pleura and spreads through the interalveolar
pores of Kohn and the small airways from one
segment to another (Muller 2003) respecting a
centripetal pattern. Appearing as a single sub-
pleural area of alveolar consolidation with
blurred margins restricted to the area next to the
fissures, it then progresses to a sublobar or lobar
alveolar consolidation sharply demarcated by the
interlobar fissure (Fig. 14) (Franquet 2008). An

same day confirms the pleural effusion with thin enhance-
ment of the parietal pleura suggesting empyema with
associated alveolar consolidation. An axial section in lung
window at the level of the right upper lobe bronchus (d) of
the reference CT and also a follow-up CT performed 3
days later (e) demonstrate the cavitation of a pulmonary
abscess of the anterior segment of the RUL that appears
solid in (d). An axial image at the level of the middle lobe
(f) shows additional cavities and another solid nodule
related to multiple abscesses

air bronchogram sign is strongly suggestive
(Fig. 15) (Syrjdla et al. 1998). Ground-glass
opacities adjacent to the alveolar consolidation
corresponding to a partial filling of the alveoli
may be observed (Fig. 16) (Tanaka et al. 1996).
This aspect is the classical presentation of
acute bacterial community-acquired pneumonia
(CAP), mainly caused by S. pneumoniae (Bhalla
and McLoud 1998), other agents responsible of
complete lobar consolidation including Klebsiella
pneumoniae, and other gram-negative bacilli, L.
pneumophila, H. influenzae, and occasionally M.
pneumoniae (Franquet 2008). A P, jirovecii infec-
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Fig. 11 A 46-year-old male drug abuser known for
COPD presents with fever after bullectomy and pleurode-
sis performed for a spontaneous pneumothorax. Chest
X-ray (a) and axial chest CT after IV contrast media injec-
tion in mediastinal (b) and lung (¢) windows with sagittal
reformat (d) allow for an easy differentiation between the

4

Ll

parenchymal involvement with necrosis on an underlying
bullous emphysema from empyema. The thickening of the
pleura that is suggestive of empyema (orange and blue
arrows) appears laterally as a continuous line internal to
the ribs (orange arrows)

- 13

B
Fig. 12 Rasmussen aneurysm in a 35-year-old patient
presenting hemoptysis 9 days after the initial diagnosis of
TB. Axial CT without (a) and with IV contrast media

injection (b) focused at the level of the RUL shows a vas-
cular enhancement within the tuberculoma that was

tion, a fungal infection, or a mycobacteriosis has
also to be considered in case of immunocompro-
mised patients. An enlarged lobe with bulging fis-
sures due to edematous engorgement may be
observed, in particular with K. pneumoniae infec-
tion, with a current lower occurrence likely due

clearly differentiated from the calcification depicted with-
out contrast. The selective angiogram of the right bron-
chial artery (c) shows the aneurysm that was immediately
successfully embolized

to early treatment in case of suspected pneumo-
nia (Walker et al. 2014).

The differential diagnosis includes aspiration
pneumonia when the lower lung is affected, espe-
cially on the right side. Lobar or segmental con-
solidation may also be related to bronchial
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Fig. 13 Hemoptysis in the context of a mucormycosis in  vessel involvement originating from the necrotic paren-
a 26-year-old woman suffering from acute lymphoblastic =~ chymal mass of the left lower lobe. This was confirmed
leukemia under antifungal prophylaxis. CT angiography after LLL lobectomy

in axial (a) and coronal oblique reformat (b) shows the

Fig. 14 Segmental pneumonia of the lingula in an show an alveolar consolidation with a well-defined air
82-year-old woman. Axial CT scan focused at the level of ~ bronchogram anterior to the great fissure
the lower part of the LUL (a) and sagittal reformat (b)



142

C. Beigelman-Aubry and S. Schmidt

Fig. 15 Lobar pneumonia of the RUL related to
Streptococcus pneumococcus in a 25-year-old smoker.
Scout view (a) and axial CT image (b) show an alveolar
consolidation with an air bronchogram. The 10 mm-thick

w®

mlP (c) permits to display the entire length of the bronchi
from their origin within the alveolar consolidation.
Although CT does not replace fiber-optic bronchoscopy,
no obstructive lesion was detected by using CT

= .

Fig. 16 Round pneumonia occurs in a 44-year-old man
suddenly presenting with fever and chest pain and addressed
to the emergency department. The chest X-ray (a) shows a
right parahilar pseudo-tumoral opacity. Due to this atypical
aspect, chest CT was performed on the same day. Axial CT

obstruction, pulmonary hemorrhage, organizing
pneumonia, acute fibrinous organizing pneumo-
nia (Fig. 17), radiation pneumonitis, adenocarci-
noma (Fig. 18), or lymphoma.

3.1.2 Bronchopneumonia or Lobular
Pneumonia

Histologically, bronchopneumonia is characterized

by a predominantly bronchiolar and peribronchiolar

inflammation with a patchy distribution. Firstly, the

adjacent alveoli are involved, followed by the lob-

ules, segments, and/or lobes. An air bronchogram

image (b) and sagittal reformat (c) demonstrate a rounded
alveolar consolidation of the posterior segment of the RUL
and the apical segment of the RLL. Note the ground-glass
opacity located around the alveolar consolidation reflecting
the partial filling of the alveoli

is usually absent. CT features include those of
infectious bronchiolitis consisting of thickening of
the bronchial walls, centrilobular nodules and tree-
in-bud sign (Fig. 19) (see below), airspace nod-
ules generally smaller than 1 cm in size related to
the inflammatory spreading to the peribronchiolar
alveoli with areas of ground-glass opacity or peri-
bronchiolar consolidation (Fig. 20), and multifocal
lobular, segmental, or lobar consolidation (Figs. 21
and 22). Bronchopneumonias are most commonly
encountered in nosocomial infections and usually
caused by gram-negative bacteria (GNB), especially
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Fig. 17 Acute fibrinous organizing pneumonia (AFOP)
in a 52-year-old patient suffering from plasmacytoid den-
dritic cells acute leukemia with febrile agranulocytosis.
The noninfectious nature of the alveolar consolidation
with peripheral ground-glass attenuation of the LUL was
proven by a transbronchial biopsy performed under endo-
bronchial ultrasonography (EBUS)

Fig.18 Alveolar consolidation of the middle lobe related
to an adenocarcinoma. The stretched appearance of the
bronchi may suggest the diagnosis (Courtesy Pr Brillet,
Bobigny, France)

P. aeruginosa or E. coli. Other commonly involved
bacteria are S. aureus (Morikawa et al. 2012),
Haemophilus influenzae, anaerobes, and some spe-
cies of fungus, especially Aspergillus (Fig. 23).
The latter as well as viruses (Franquet 2011) or
atypical mycobacteriosis has to be considered
when suggested by the individual clinical setting.
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Fig. 19 Infectious bronchiolitis appears as thickening of
the bronchial walls and centrilobular nodules with
tree-in-bud sign

Bronchiectasis predominantly located at the level of
the middle lobe and the lingula may be associated
in case of mycobacterium avium complex (MAC)
infection (Lady Windermere syndrome).

Differential diagnoses include organizing pneu-
monia, lymphoma, adenocarcinoma, radiation
pneumonitis, acute hypereosinophilic syndrome,
pulmonary alveolar proteinosis, granulomatous or
inflammatory conditions, or lipoid pneumonia
(Kjeldsberg et al. 2002).

3.1.3 Diffuse Alveolar Consolidation
Diffuse alveolar consolidation suggests diffuse
alveolar damage (DAD), typically encountered in
case of adult respiratory distress syndrome
(ARDS). An air bronchogram sign is usually
observed as well as small pleural effusions.
P, jirovecii pneumonia (Festic et al. 2005) (Fig. 24)
as well as uncommon, unusual, or exotic organisms
can be involved. Nondependent anomalies are
more related to pneumonia rather than lesions in
the dependent lung (Beigelman-Aubry et al. 2012).

The differential diagnoses of infectious causes
in case of diffuse involvement are pulmonary
edema, noninfectious causes of DAD, and acute
interstitial pneumonia.
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Fig.20 Two consecutive coronal reformats in a 67-year-
old man suffering from a bronchopneumonia show air-
space nodules smaller than 1 cm with perinodular

Fig. 21 Bronchopneumonia pattern appears on this axial
section at the level of the upper lobes as bronchial wall
thickening, centrilobular nodules with tree-in-bud sign
(blue arrow), lobular (orange arrow), and segmental alveo-
lar consolidation with multifocal and patchy involvement

3.2 Ground-Glass Opacity

and Interstitial Pneumonia

Ground-glass opacity, a common but nonspecific
finding, which refers to a hazy increased opac-
ity of lung with preservation of bronchial and

ground-glass opacity and patchy alveolar consolidation
(arrows) (a) as well as peribronchiolar consolidation (b)

vascular margins (Hansell et al. 2008), is a major
feature of interstitial pneumonia. Pathologically,
it is characterized by a mononuclear inflam-
matory cellular infiltrate in the alveolar septa
and the distal peribronchovascular interstitium
(Muller 2003). This interstitial inflammatory
reaction results from epithelial damage, with
thickening of the peribronchial area and inter-
lobular septa. Initially applied to different clini-
cal and radiographic findings from those caused
by S. pneumoniae, atypical pneumonia refers to
an interstitial pattern that can be associated with
dense consolidation.

The most common causes are viruses,
Mycoplasma pneumoniae, Chlamydia, and P. jir-
ovecii. In viral infections and in those caused by
M. pneumoniae, ground-glass attenuation is asso-
ciated with signs of cellular bronchiolitis and
focal consolidation fitting with bronchopneumo-
nia. When a predominant ground-glass opacity
occurs in an immunocompetent patient, respira-
tory syncytial virus or varicella infection should
be first considered. In immunocompromised
patients, P. jirovecii (Thomas and Limper 2004)
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Fig. 22 CMV infection in a patient with renal graft
appears as a bronchopneumonia pattern on two successive
axial sections (a, b). The bronchial thickening in (a) is

associated with bilateral segmental alveolar consolida-
tions at the lung bases in (b)

Fig. 23 Invasive airway aspergillosis. Three axial CT
images show peribronchial ground-glass attenuation at the
level of the RUL (blue arrows) with slight bronchial wall
thickening and ill-defined nodules (a) and alveolar con-
solidation (orange arrows) in a peribronchial location at

CMV (McGuinness et al. 1994) or Mycoplasma
infection must be suggested. P. jiroveci infections
typically present as ground-glass opacity sparing
the pulmonary cortex that predominantly affects
the upper region, especially in AIDS patients
(Fig. 25). A crazy-paving sign, defined as a
combination of ground-glass opacity and smooth
interlobular septal thickening that resembles a

the level of the posterobasal bronchus of the RLL (b) and
a segmental distribution in the LLL (c). This presentation
of aspergillosis mainly concerns non-acute leukemia
patients with a leukocyte count >100/mm?

masonry pattern used in walkways (Hansell et al.
2008), may be observed in infections, in particu-
lar with Pneumocystis jirovecii pneumonia and
influenza (Walker et al. 2014). Pulmonary cysts or
pneumatoceles within the same areas should sug-
gest PCP (Fig. 26). In immunocompromised
non-HIV-positive patients, features are less sug-
gestive of the diagnosis, with rapid progression,
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Fig. 24 Diffuse alveolar consolidation with air broncho-
gram and ground-glass opacity in a patient with autoim-
mune hepatitis treated with long-term steroids presenting
with dyspnea and severe hypoxemia. This was related to a
Pneumocystis jirovecii pneumonia. Note the pneumome-
diastinum in this mechanically ventilated patient staying
in the intensive care unit who died from this severe infec-
tion with rapid deterioration

Fig. 25 P. jirovecii pneumonia in an AIDS patient
appearing as ground-glass opacity sparing the pulmonary
cortex and typically predominantly located at the upper
region of the lungs

this being the result of severe or dysregulated
inflammatory responses that are evoked by a
relatively small number of Pneumocystis organ-
isms (Chang et al. 2013; Tasaka and Tokuda 2012)
(Fig. 27). In the latter category of patients, ground-
glass opacities can also be caused by viral
(Fig. 28) or pyogenic infection (Kang et al. 1996).

Peculiar aspects of GGO are seen with the
halo sign (see below) and the reversed halo sign

Fig. 26 PCP pneumonia in an AIDS patient presenting
with cough and fever. The crazy-paving appearance asso-
ciated with cysts strongly suggests the diagnosis

Fig.27 PCP pneumonia in an HIV-negative patient with
a history of cerebral glioblastoma treated by surgery and
radiochemotherapy. Axial CT shows ground-glass opacity
predominating on the left side without sparing of the pul-
monary cortex. The rounded hypoattenuated areas mostly
correspond to centrilobular emphysema and not cysts that
are rare in this condition

Fig. 28 Bilateral ground-glass opacity at the level of the
upper lobes are related to a Coronavirus infection in a
72-year-old man known for a small cell carcinoma treated
by radiochemotherapy
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Fig. 29 Axial CT image shows a reverse halo sign in a
26-year-old woman known for an acute lymphoblastic
leukemia that developed fever and cough with hemody-
namic compromise despite antifungal prophylaxis. This
was related to a mucormycosis (Lichtheimia spp) proven
by transbronchial biopsy and panfungal PCR in the BAL

(RHS), defined as focal rounded area of ground-
glass opacity surrounded by a crescent or com-
plete ring of consolidation (Fig. 29) (Georgiadou
et al. 2011). Histopathologically, the RHS has
been associated to infarcted lung tissue, with a
greater amount of hemorrhage at the periphery
than at the center, with a frequent subsequent
cavitation after neutropenia recovery (Wahba
et al. 2008). Halo sign (HS) and RHS are highly
suggestive of early infection by an angioinvasive
fungus in severely immunocompromised
patients. The former is most commonly associ-
ated with invasive pulmonary aspergillosis and
the latter with pulmonary mucormycosis. An
RHS may also be related to other infectious dis-
eases, in particular invasive aspergillosis, tuber-
culosis, or paracoccidioidomycosis (Georgiadou
et al. 2011).

The differential diagnosis of ground-glass
attenuation is wide, especially in immunocom-
promised patients. It can be related to drug-
induced toxicity (Fig. 30), alveolar hemorrhage,
post-radic changes, pulmonary edema, organiz-
ing pneumonia, or hypersensitivity pneumonitis.
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Fig.30 Pulmonary hemorrhage in a 65-year-old woman
known for an acute myeloid leukemia with thrombocyto-
penia appears as a perihilar ground-glass opacity predom-
inantly located at the level of the lower lobes

An RHS may also be observed in numerous
conditions including granulomatosis with poly-
angiitis, organizing pneumonia (Georgiadou
et al. 2011), or pulmonary infarct (Fig. 31).

3.3 Nodular Pattern

3.3.1 Micronodules

Micronodules in an infectious setting, with a diam-
eter lower than 6 mm, may appear with a centri-
lobular (bronchogenic) or miliary (hematogenous)
distribution.

* Bronchogenic distribution presents as nonho-
mogeneous centrilobular micronodules that
spare the subpleural space with a location at
least 3 mm from the pleura and that are associ-
ated with a tree-in-bud pattern, defined as
centrilobular branching structures that resemble
a budding tree (Hansell et al. 2008). This pre-
sentation may be seen in bacterial, fungal, viral,
mycobacterial, or mycoplasma (Fig. 7) infec-
tions. In postprimary (reactivation) tuberculosis,
centrilobular micronodules and linear branch-
ing opacities have a dense attenuation and
distinct margins. These features are readily
associated with cavitation, predominantly local-
ized in the apical and posterior segments of the
superior lobes and the superior segment of the
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Fig.31 Pulmonary infarct appears as a reverse halo sign in a 93-year-old patient with bilateral pulmonary emboli as
nicely seen on axial CT section in lung (a) and mediastinal (b) windows

lower lobes in this setting (Fig. 32). Aspergillus
bronchiolitis and/or bronchopneumonia must
be considered in immunocompromised patients
(Logan et al. 1994).

* A hematogenous miliary pattern in case of
random distribution may suggest tuberculosis
(Figs. 8 and 33), histoplasmosis, candidiasis,
blastomycosis, or a viral cause (CMV, herpes,
varicella) (Fig. 34), especially in immuno-
compromised patients.

The differential diagnosis of infectious
micronodules is miliary metastatic disease in case
of micronodules with a random distribution.
Uncommonly, multiple centrilobular nodules may
be related to vascular lesions as embolized tumor or
foreign material (Walker et al. 2014). Other differ-
ential diagnoses of centrilobular nodules include
hypersensitivity pneumonitis or vasculitis.

3.3.2 Nodules

Pulmonary nodules of infectious nature, sometimes
cavitated, are most commonly seen in nosocomial
pneumonia and in immunocompromised patients.
They may be due to nocardiosis, tuberculosis, and

angioinvasive aspergillosis (Althoff Souza et al.
2006) in neutropenic patients, Cryptococcus neo-
Jormans, Coccidioides immitis, Blastomyces sp., or
atypical mycobacteriosis (Oh et al. 2000; Franquet
et al. 2003). Less often, infections such as candidia-
sis (Fig. 35), legionella, or Q fever may be consid-
ered if suggested by the individual setting. They
must be differentiated from noninfectious causes
including malignancy (Fig. 36).

Nodules with a peripheral ground-glass halo
refer to the halo sign (HS), which is a CT finding of
ground-glass opacity surrounding a nodule or a
mass (Hansell et al. 2008). Although inconstant,
with a reported incidence of ranging from 25 to
95 % among neutropenic patients with hematologi-
cal malignancies (Georgiadou et al. 2011), the HS
strongly suggests an early invasive aspergillosis in
patients with severe neutropenia (Fig. 37), in asso-
ciation with wedge-shaped areas of subpleural con-
solidation. Furthermore, initiation of antifungal
treatment on the basis of the identification of an HS
by chest CT appears associated with a significantly
better response to treatment and improved survival
(Greene et al. 2007). In invasive aspergillosis, these
nodules typically become larger during neutrophil
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Fig. 32 Postprimary (reactivation) tuberculosis in a
37-year-old man, native of Cameroun, complaining about
cough, weight loss, and night sweats for 3 months. Axial
CT image at the level of the RUL (a) shows the typical
hallmarks of reactivation TB including cavities, sur-
rounded by thick and irregular borders, and dense centri-
lobular nodules with sharp margins predominantly located
at the level of the apical and posterior segments of the
upper lobes and the apical segment of the lower lobes. A

engraftment (Barnes and Marr 2007) and/or during
the first 10 days of therapy (Caillot et al. 2001).
Histopathologically, the HS represents a focus of
pulmonary infarction surrounded by alveolar hem-
orrhage, secondary to invasion by Aspergillus of
small and medium-sized pulmonary vessels causing
thrombosis and subsequent ischemic necrosis of the
lung parenchyma (Georgiadou et al. 2011). The
same appearances have been reported in numerous
infectious pulmonary diseases such as observed
with Mucorales, Candida, herpes simplex virus,
cytomegalovirus, varicella-zoster virus, mycobac-
terial infections, bacterial pneumonia, or septic
emboli (Fig. 38). The differential diagnoses of non-
infectious nodules with an HS include granuloma-

4 mm-thick MIP axial reformat at the level of the apical
bronchus of the RLL (b) demonstrates typical centrilobu-
lar nodules with sparing of the subpleural space (3 mm)
and lobular consolidation of the anterior segment of the
RUL (arrows). Two consecutive coronal reformats
20 mm-thick AIP (¢, e) and thin coronal slice at the level
of the drainage bronchus of the largest cavity of the RUL
(d) allow for a complete understanding of the appearance
seen on chest X-ray (f)

tosis with polyangiitis, cryptogenic organizing
pneumonia,  adenocarcinoma,  angiosarcoma,
Kaposi’s sarcoma in association with spiculated
nodules, and hemorrhagic metastases (Georgiadou
etal. 2011).

Cavitated nodules can be related to septic
embolism. The primary source of infection is tri-
cuspid endocarditis, especially in intravenous
illicit drug use, peripheral thrombophlebitis,
venous catheter, and pacemaker wires. The
mechanism includes endothelial damage
combined with the formation of crumbling
thrombi containing infective agents. Turbulences
caused by the circulating blood detach fragments
of thrombus which then migrate to the peripheral
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Fig. 33 Miliary tuberculosis with multisystemic
involvement in an HIV-positive CDC stage three patient
highly immunosuppressed with CD4 level at 64 ¢/mm?®.
Axial CT scan shows diffuse tiny micronodules with
ground-glass opacity leading to alveolar consolidation at
the level of the apical segment of the RLL. Such an
involvement may result in a respiratory distress
syndrome (ARDS)

Fig. 34 A 50-year-old man developing a varicella with-
out respiratory symptoms. Axial (a) and coronal (b)
10 mm-thick MIP images of a CT performed due to suspi-

pulmonary arteries with consecutive obstruction.
Ischemia then results in infarction and/or hemor-
rhage and the organisms release toxins causing
parenchymal necrosis (Muller 2003). Nodules
related to septic emboli are mainly peripheral and
basal with blurred margins. A simultaneous
appearance of solid nodules and nodules with
variable size cavitations (Fig. 38) as well as
subpleural wedge-shaped consolidation may be
seen (Franquet 2008). The nodules often appear
to have a vessel leading into them on axial
views — the so-called “feeding vessel” sign —
corresponding to the pulmonary vein, whereas
most arteries have a lateralized trajectory around
the nodule (Dodd et al. 2006) (Fig. 39).

Other causes of cavitated nodules include
granulomatosis with polyangiitis and cavitated
metastases.

cion of pulmonary nodules on the chest X-ray show
micronodules with random distribution that almost com-
pletely disappeared at the follow-up 3 months later (c, d)
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Fig. 35 Pulmonary and hepatosplenic candidiasis in a  sizes with random distribution. The added value of MIP in
62-year-old patient with an acute myeloid leukemia the assessment of the detection and evaluation of profu-
treated by chemotherapy. Axial CT image of ] mm (a) and  sion of nodules is undeniable

15 mm-thick MIP (b) shows multiple nodules of various

Fig.36 A 24-year-old woman is known for a recurrence  olar consolidation superimposed on the preexisting
of Hodgkin’s lymphoma appearing on the PET-CT (a, b)  nodules (c, d) that lead to a septic shock with death of the
as multiple pulmonary nodules. A necrotic bronchopneu-  patient. This case reinforces the usefulness of evaluation
monia occurring 2 months later presents as bilateral alve-  of previous imaging features
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34 Cavities

Cavities may be observed in case of necrotizing
pneumonia or pulmonary gangrene, abscesses, or
pneumatoceles.

Fig. 37 Angioinvasive aspergillosis in a 27-year-old
woman appears as nodules with peripheral ground-glass
opacity at the apex of the LUL

Fig. 38 Septic emboli in a 31-year-old female; HIV-
negative drug abuser, known for chronic HCV and IV
cocaine injections, presents with fever, shivering, and epi-
sodes of hemoptysis. Blood cultures were positive for
Staphylococcus aureus with a 2 cm vegetation at the level

3.4.1 Necrotizing Pneumonia or
Pulmonary Gangrene
Necrotizing pneumonia or pulmonary gangrene
presenting with hypoenhancing geographic areas
of low lung attenuation and cavitation is fre-
quently seen before frank abscess formation
(Walker et al. 2014). They can be encountered in
various situations such as acute CAP, pulmonary
tuberculosis (Fig. 32), atypical mycobacteria
(Fig. 40), anaerobic bacteria, and angioinvasive or
chronic fungal infections. Unilateral or bilateral
areas of consolidation, multiple expanding usu-
ally thick-walled cavities containing or not asper-
gillomas and concomitant pleural thickening,
suggest chronic cavitary pulmonary aspergillosis.
In young patients with no medical history, an
infection caused by S. aureus, Panton-Valentine
leukodicin secretor, that can be severe and rapid in
onset with a poor prognosis should routinely be
investigated. Bilateral consolidations of the supe-
rior lobes followed by the development of coales-
cent lucencies are commonly seen. An air-crescent
sign may also be present (see below).

Cavitation may occur in other conditions
including malignancy and lung infarction (Walker
et al. 2014).

of the tricuspid valve causing marked tricuspid insuffi-
ciency. Axial CT sections at baseline (a) and 8 days later
(b), respectively, show multiple nodules with peripheral
ground-glass opacity (a) that secondary cavitated. The lat-
ter is a usual finding with Staphylococcus aureus infection
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Fig.39 Lemierre syndrome in a 21-year-old man suffer-
ing from a sore throat with jugular vein thrombosis well
depicted by CT with contrast media injection (a) and sep-
tic embolism appearing as peripheral nodules of various

sizes with wedge-shaped consolidation (arrows) and
slight peripheral ground-glass opacity on axial CT image
(b). The 8 mm-thick MIP image (c) shows the lateralized
trajectory of the artery around the nodule

Fig. 40 Mycobacterium xenopi infection in a COPD
patient. Chest X-ray (a), coronal reformat (b), and axial
CT at the level of upper lobes (¢) show an alveolar con-

solidation with cavities of various sizes that almost totally
resolved on the follow-up CT performed 1 year later (d)
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3.4.2 Pulmonary Abscess

A pulmonary abscess may be single or multiple,
with a characteristic spherical shape. It measures
between 2 and 6 cm in diameter, demonstrates a
central hypoattenuation (Fig. 9) or cavitation
representing localized necrotic cavity, contains
pus, and demonstrates peripheral enhancement
after intravenous contrast medium injection, with-
out or with an air-fluid level (Fig. 5). It usually
displays an acute angle when it intersects with an
adjacent pleural surface. Consolidation in the
adjacent parenchyma occurs in half of all cases
(Muller 2003). Bronchopulmonary fistula may be
observed. As the most frequent cause of lung
abscess is aspiration, the most common localiza-
tions are the posterior segment of an upper lobe or
the superior segment of a lower lobe (Muller
2003). Bilateral involvement that predominantly
affects the lung bases with abscess formation sug-
gests a P. aeruginosa infection. Infections caused
by anaerobic bacteria are commonly encountered,
abscesses caused by S. aureus, K. pneumoniae,
and P. aeruginosa being associated with higher
mortality (Francis et al. 2005).

3.4.3 Air-Crescent Sign

The air-crescent sign, defined as a collection of air
in a crescentic shape that separates the wall of a
cavity from an inner mass, firstly suggests an
Aspergillus colonization of preexisting cavities, i.e.,
an aspergilloma (Fig. 41). An aspergilloma may

- >

Fig. 41 Aspergilloma developing in a cavity in a
69-year-old man with a history of stage IV sarcoidosis
who complained of hemoptysis. The treatment consisted
of antifungal therapy and bronchial embolization fol-
lowed by a left upper lobectomy. Axial CT section in lung
window (a) at the level of the LUL shows the air-crescent
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also be manifested as an irregular spongeworks or
fungal strands forming a coarse and irregular net-
work within a cavity. An air-crescent sign also sug-
gests the retraction of a central necrotic mass after
recovery of the bone marrow in a rather late stage of
angioinvasive aspergillosis (De Marie 2000)
(Fig. 42). It may also occur in mucormycosis
(Fig. 43), tuberculosis, granulomatosis with polyan-
giitis, intracavitary hemorrhage, and cavitary lung
cancer (Fig. 44) (Hansell et al. 2008).

3.4.4 SepticEmboli
Septic embolism may appear as cavitated nod-
ules (see cavitated nodules).

3.4.5 Pneumatoceles

Pneumatoceles manifest as single or multiple
approximately round thin-walled and gas-filled
spaces in the lung (Hansell et al. 2008) (Fig. 10).
These lucencies are associated with a recent infec-
tion and usually transient, progressively increasing
in size over the following days and weeks and then
resolving after weeks or months. They are most
likely due to bronchial drainage of necrotic paren-
chymal tissue, followed by a check-valve airway
obstruction. They usually occur in P, jirovecii infec-
tions occurring in patients with acquired immune
deficiency syndrome (AIDS) (Fig. 26) or in case of
previous S. aureus pneumonia, but they can also be
seen with other infections including E. coli and
S. pneumoniae (Beigelman-Aubry et al. 2012).

Vs,

sign. Axial CT section on bone window (b) at the same
level demonstrates the calcified lymph nodes related to
sarcoidosis and the slight calcifications within the asper-
gilloma. The coronal reformat (c¢) shows the typical
dependent location of the aspergilloma within the cavity
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Fig. 42 Invasive aspergillosis in a 27-year-old woman
with acute myeloid leukemia. Baseline CT (a) performed
in a context of febrile agranulocytosis (a) with 5 mm-
thick axial sections shows alveolar consolidation of the
posterior segment of the upper part of the LUL with
peripheral ground-glass opacity. Bronchiolo-alveolar

nodules with ill borders are also seen in the RUL. On CT
performed 3 weeks after (b), during bone marrow recov-
ery, multiple nodules with air-crescent sign were seen, this
finding suggesting a rather late stage of angioinvasive
aspergillosis. Note the somewhat atypical presence of
peripheral ground glass at this late stage of the disease

Fig. 43 Necrotizing pneumonia in a context of
mucormycosis (same patient as in Fig. 13) presenting with
hemoptysis 2 weeks after initial diagnosis despite adequate
treatment. The retraction of the central necrotic mass of the

-
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Fig. 44 Air-crescent sign caused by an invasive epider-
moid carcinoma stage IIIb treated by radiochemotherapy
that progressively cavitated. Axial image at baseline CT
(a), 3 weeks (b) and two consecutive axial CT images

LLL creates an air-crescent sign visible on mediastinal (a)
and lung (b) windows. It had occurred at the same time as
the pulmonary artery involvement

performed 3 months (¢, d) after beginning of the treat-
ment. The necrotic tumor appears progressively as a
pseudo-aspergilloma with an air-crescent sign
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Numerous noninfectious disorders may also
manifest with pneumatoceles/cysts, including
cavitary metastases.

3.4.6 Meniscus, Cumbo, and Water

Lily Signs
Meniscus, cumbo, and water lily signs are related
to air dissecting the different layers of an echino-
coccal cyst secondary to bronchial erosion
(Walker et al. 2014).

While a pericystic emphysema or meniscus sign
refers to air between the outer pericyst and ectocyst,
the cumbo sign is related to air penetrating the endo-
cyst with an air-fluid level capped with air between
pericyst and endocyst. The water lily sign relates to
the ruptured hydatid cyst with the endocyst mem-
brane floating on surface fluid (Walker et al. 2014).

3.5 Associated Abnormalities

Mediastinal and Hilar

Abnormalities

e The most common mediastinal and hilar
abnormality is lymphadenopathy (Fig. 45).
Right paratracheal, hilar, and subcarinal

3.5.1
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regions and/or hilar lymph node enlargement
with associated homolateral small focal infil-
trate or parenchymal consolidation, which is
commonly sublobar and subpleural in loca-
tion in the middle lobe, basal segments of
lower lobes, and anterior segments of upper
lobes, is the usual hallmark of primary TB
(Beigelman et al. 2000). Necrotic components
with peripheral rim enhancement (rim sign)
mainly suggest tuberculosis, but they can also
correspond to fungal infection, atypical myco-
bacteria, histoplasmosis, metastases (Fig. 46)
from head/neck and testicular malignancy, and
lymphoma (Bhalla et al. 2015). Bronchonodal
fistula can be observed as a complication of
active pulmonary TB with TB lymphadenitis
especially in the elderly. The fistulas usually
involve the right lobar bronchus and the main
bronchus on the left side (Park et al. 2015).

* A circumferential thickening of the esophagus
may be related to a cytomegalovirus (CMV)
infection, esophagitis being the second most
common gastrointestinal manifestation of this
organism after colitis (Wang et al. 2015), or
Candida (Kuyumcu 2015) infection in immu-
nocompromised patients.

Fig.45 Tuberculosis in a patient with a history of ulcerous
colitis under anti-TNF treatment and lung graft for panlob-
ular emphysema related to al-antitrypsin deficiency. Axial
sections in mediastinal (a) and lung (b) windows show an

enlarged right paratracheal lymph node associated with a
homolateral alveolar consolidation of the RLL, hallmarks
of primary TB. Note the peripheral centrilobular nodules
(arrows)
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* In case of a circumferential thickening of the
trachea or main bronchi occurring in the same
context, the possibility of invasive aspergil-
losis of the respiratory tract should always
be considered (Fig. 47) with the specific

Fig. 46 Right paratracheal lymph node metastasis with
necrosis and parietal enhancement in a patient treated by
chemotherapy and immunotherapy in a context of a poorly
differentiated carcinoma with hepatic and bone metastases
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risk of tracheal rupture. Acute tuberculous
tracheobronchial involvement may also be
seen with circumferential narrowing associ-
ated with smooth or irregular wall thickening
(Bhalla et al. 2015). Sequelar fibrotic bron-
chostenosis predominating on the left main
bronchus and post-obstructive bronchiectasis
may occur in this setting (Bhalla et al. 2015).

* Acute infectious mediastinitis may rarely be
observed. It appears as increased soft tissue
attenuation of mediastinal fat with fluid
collections, air bubbles, air-fluid levels, and
pneumomediastinum, with pericardial/pleural
effusion. Regarding chronic or fibrosing medi-
astinitis, especially related to tuberculosis and
fungal infections, including histoplasmosis,
aspergillosis, mucormycosis, cryptococcosis,
and blastomycosis, CT may display focal or
diffuse involvement with calcifications as well
as stenosis/obstruction of the vessels, airways,
or esophagus (Akman et al. 2004).

3.5.2 Pleural Abnormalities

e Pleural effusions, sometimes loculated, are
encountered in 20-60% of acute bacterial
pneumonias. Most of the parapneumonic effu-
sions without pleural thickening resolve under
adequate medical treatment.

Fig. 47 Airway aspergillosis in a 74-year-old woman
with lymphoma of the marginal zone complaining of
cough and fever. A circumferential peribronchial thicken-
ing around the mainstem left bronchus is seen on the axial

CT image with mediastinal window (a). Two weeks later,
a worsening of the stenosis with a wall fistula is observed
on the axial image with the lung window (b). Note the
presence of a bilateral pleural effusion
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* Empyema, which occurs in less than 5% of
pulmonary infections, typically displays
obtuse angles along its interface with adjacent
pleura. It appears as a smooth and thin
enhancement of the visceral and parietal
pleura that surrounds the fluid collection and
that is referred as the split pleura sign (Walker
et al. 2014) (Figs. 10 and 11). It is commonly
associated with a hyperattenuation of the
extra-pleural fat. The pathogens traditionally
involved in empyema are S. pneumoniae,
Streptococcus pyogenes, and S. aureus. The
same findings may be seen in case of TB.

* Inthis setting, an air-fluid level suggests a bron-
chopleural fistula (Walker et al. 2014), which is
a sinus tract between a bronchus and the pleural
space that most often results from a necrotizing
pneumonia. CT features of bronchopleural fis-
tula include an intrapleural airspace of various
sizes, a new or changed air-fluid level, and,
possibly, a fistulous communication, which
may be become visible after the use of mIP
post-processing. The air-fluid level within the
pleura usually exhibits a length disparity when
comparing posterior and lateral chest radio-
graphs or between coronal and sagittal refor-
mats unlike an air-fluid level associated with a
pulmonary abscess typically displaying a
spherical shape (Walker et al. 2014).

3.5.3 Other Features

*  Mycotic aneurysms of pulmonary vessels may
be observed in case of hemoptysis and a con-
text of invasive fungal infections (Georgiadou
et al. 2011) or tuberculosis (Fig. 12).

* Spondylodiscitis and/or an intramuscular cold
abscess firstly suggests tuberculosis. A wavy
periosteal reaction highly suggests thoracic
actinomycosis.

* Concomitant small hypodense lesions in the
liver and/or spleen may suggest pyogenic
abscesses or fungal infections, in particular
candidiasis.

e A worsening of CT findings may be encoun-
tered in case of “immune reconstitution
inflammatory syndrome” (IRIS). This syn-
drome is related to paradoxical worsening

C. Beigelman-Aubry and S. Schmidt

of preexisting infectious processes such as
mycobacterial, viral, and Pneumocystis jir-
ovecii infection following the initiation of
highly active antiretroviral therapy (HAART)
in HIV-infected individuals, a low CD4+
T-cell count being a major risk factor (Huis
in ‘t Veld et al. 2012). IRIS syndrome may
also be encountered in HIV-negative patients
in conditions such as following corticosteroid
withdrawal, discontinuation of antitumor
necrosis factor-alpha therapy or recovery of
neutropenia after cytotoxic chemotherapy,
and engraftment of stem cell transplantation.
It may be then observed in case of aspergillo-
sis, candidiasis, and viral pneumonitis (Cheng
et al. 2000).

3.6 Sequelae

Fibro-parenchymal lesions with bronchovascular
distortion and bronchiectasis, thin-walled cavities,
emphysema, and fibro-atelectatic bands firstly
suggest prior tuberculosis with scarring (Fig. 48).
Calcified mediastinal/hilar lymph nodes (Fig. 49),
well-defined nodules, and pleural thickening with
or without calcification (Fig. 50) are also common
imaging features of healed TB. Tuberculomas
and small calcified lung nodules suggest likewise
prior TB infection (Bhalla et al. 2015). Calcified
nodules may also be seen as sequelae of histo-
plasmosis or varicella infection (Chou et al. 2015)
but also in other conditions like amyloidosis or
metastasis, in particular from osteogenic sarcoma
or medullary carcinoma of the thyroid.

Calcified peribronchial lymph nodes can
erode into adjacent bronchi or cause distortion of
the latter and can generate a broncholithiasis
(Bhalla et al. 2015).

In conclusion, the recognition of the main CT
pattern in association with the knowledge of the
underlying disorders and the clinical context per-
mits to strongly narrow the differential diagnosis.
The application of a good technique is crucial for
patients’ management. In all cases, a multidisci-
plinary approach ensures the best outcome for
the patient.
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Fig.48 Sequelae of TB in a 35-year-old woman originat-
ing from Cameroun. Axial section in parenchymal (a) and
mediastinal windows (b) at the level of the upper lobes
showing cicatricial collapsus of the upper part of LUL
well delineated by a small accessory fissure (arrows) with

bronchovascular distortion, bronchiectasis, thin-walled
cavities, and calcified nodules. The 3 mm-thick mIP
oblique reformat (c) allows for an overall assessment of
the bronchiectasis. The coronal 150 mm-thick AIP refor-
mat (d) shows the upper retraction of the left hilum

Fig.49 Ranke complex related to scars from a previous primary TB. Axial section with the bone window at the level
of the right hilum (a) and of the RLL (b) show a calcified hilar node and a calcified parenchymal nodule, respectively

Fig.50 A 77-year-old man with a calcified fibrothorax as
a sequelae of a previous TB. Axial section in mediastinal
(a) and lung (b) windows show a pleural calcification with
parenchymatous bands converging toward the latter and
related to fibrosis of the visceral pleura. A 70 mm-thick
MIP coronal reformat in bone window (c) shows the

upper predominance of this fibrothorax. A 180 mm-thick
AIP reformat (d) reproducing the chest X-ray appearance
shows the retraction of the left hemithorax and the blunt-
ing of the costophrenic angle, a classical finding in this
setting



160

Acknowledgment Thanks to Pr Laurent Nicod, Pr John-
David Aubert, Dr Frederic Tissot, Dr Francesco Doentz
and Dr Khalid Alfudhili for their help.

References

Akman C, Kantarci F, Cetinkaya S (2004) Imaging in
mediastinitis: a systematic review based on aetiology.
Clin Radiol 59:573-585

Althoff Souza C, Miiller NL, Marchiori E et al (2006)
Pulmonary invasive aspergillosis and candidiasis in
immunocompromised patients: a comparative study of
the high-resolution CT findings. J Thorac Imaging
21(3):184-189

American Thoracic Society/Infectious Diseases Society
of America (2005) Guidelines for the management of
adults with hospital-acquired, ventilator-associated,
and healthcare-associated pneumonia. Am J Respir
Crit Care Med 171(4):388-416

Bankier AA, Tack D (2010) Dose reduction strategies for
thoracic multidetector computed tomography back-
ground, current issues, and recommendations. J Thorac
Imaging 25:278-288

Barnes PD, Marr KA (2007) Risks, diagnosis and outcomes
of invasive fungal infections in haematopoietic stem
cell transplant recipients. Br J Haematol 139:519-531

Beigelman C, Sellami D, Brauner M (2000) CT of paren-
chymal and bronchial tuberculosis. Eur Radiol 10:
699-709

Beigelman-Aubry C, Hill C, Guibal A et al (2005) Multi-
detector row CT and postprocessing techniques in the
assessment of diffuse lung disease. Radiographics
25(6):1639-1652

Beigelman-Aubry C, Godet C, Caumes E (2012) Lung
infections: the radiologist’s perspective. Diagn Interv
Imaging 93:431-440

Bhalla M, McLoud T (1998) Pulmonary infections in the
normal host in thoracic radiology. In: Mc Loud T (ed)
The requisistes. James H. Thrall Mosby: Philadelphia;
pp 91-133

Bhalla AS, Goyal A, Guleria R (2015) Chest tuberculosis:
radiological review and imaging recommendations. In
J Radiol Imag 25(3):213-225

Caillot D, Couallier JF, Bernard A et al (2001) Increasing
volume and changing characteristics of invasive pul-
monary aspergillosis on sequential thoracic computed
tomography scans in patients with neutropenia. J Clin
Oncol 19:253-259

Chang CH, Ruan SY, Li CC, Yu CJ (2013) Non-human
immunodeficiency virus Pneumocystis jirovecii pneu-
monia. Respirology 18(1):191-192

Cheng VCC, Yuen KY, Chan W et al (2000)
Immunorestitution disease involving the innate and
adaptive response. Clin Infect Dis 30:882-892

Chou CC, Shen T-C, Tu C-Y et al (2015) Calcified pulmo-
nary nodules. Eur J Intern Med 26:e27—-e28

Christe A, Lin MC, Yen AC et al (2012) CT patterns of
fungal pulmonary infections of the lung: comparison

C. Beigelman-Aubry and S. Schmidt

of standard-dose and simulated low-dose CT. Eur
J Radiol 8:2860-2866

De Marie S (2000) New developments in the diagnosis
and management of invasive fungal infections.
Haematologica 85:88-93

Dodd JD, Souza CA, Miiller NL (2006) High-resolution
MDCT of pulmonary septic embolism: evaluation of
the feeding vessel sign. AJR Am J Roentgenol 187(3):
623-629

Festic E, Gajic O, Limper AH, Aksamit TR (2005) Acute
respiratory failure due to pneumocystis pneumonia in
patients without human immunodeficiency virus infec-
tion: outcome and associated features. Chest 128(2):
573-579

Francis JS, Doherty MC, Lopatin U et al (2005) Severe
community-onset pneumonia in healthy adults caused
by methicillin-resistant Staphylococcus aureus carry-
ing the Panton-Valentine leukocidin genes. Clin Infect
Dis 40(1):100-107

Franquet T (2006) High-resolution computed tomography
(HRCT) of lung infections in non-AIDS immunocom-
promised patients. Eur Radiol 16:707-718

Franquet T (2008) Pulmonary infection in adults. In:
Adam A, Dixon AK, Gillard JH, Shaefer-Prokop CM
(eds) Diagnostic radiology grainger & Allison’s
Churchill Livingsrone. Elsevier: Edinburgh, London,
New York; p 246-266

Franquet T (2011) Imaging of pulmonary viral pneumo-
nia. Radiology 260(1):18-39

Franquet T, Miiller NL, Giménez A, Martinez S, Madrid
M, Domingo P (2003) Infectious pulmonary nodules
in immunocompromised patients: usefulness of com-
puted tomography in predicting their etiology.
J Comput Assist Tomogr 27(4):461-468

Georgiadou SP, Sipsas NV, Marom EM et al (2011) The
diagnostic value of halo and reversed halo signs for
invasive mold infections in compromised hosts. Clin
Infect Dis 52(9):1144-1155

Greene RE, Schlamm HT, Oestmann JW et al (2007)
Imaging findings in acute invasive pulmonary asper-
gillosis: clinical significance of the halo sign. Clin
Infect Dis 44(3):373-379

Hansell DM, Bankier AA, MacMahon H et al (2008)
Fleischner Society: glossary of terms for thoracic
imaging. Radiology 246:697-722

Herold CJ, Sailer JG (2004) Community-acquired and nos-
ocomial pneumonia. Eur Radiol 14(Suppl 3):E2-E20

Heussel CP, Kauczor HU, Heussel GE et al (1999)
Pneumonia in febrile neutropenic patients and in bone
marrow and blood stem-cell transplant recipients: use
of high-resolution computed tomography. J Clin
Oncol 17:796-805

Huis in ‘t Veld D, Sun HY, Hung CC (2012) The immune
reconstitution inflammatory syndrome related to HIV
co-infections: a review. Eur J Clin Microbiol Infect
Dis 31:919-927

Jones RN (2010) Microbial etiologies of hospital-
acquired bacterial pneumonia and ventilator-associ-
ated bacterial pneumonia. Clin Infect Dis 51(Suppl
1):S81-S87



Pulmonary Infections: Imaging with CT

Kang EY, Patz EF Jr, Miiller NL (1996) Cytomegalovirus
pneumonia in transplant patients: CT findings.
J Comput Assist Tomogr 20:295-299

Kim HIJ, Park SY, Lee HY et al (2014) Ultra-low-dose chest
CT in patients with neutropenic fever and hematologic
malignancy: image quality and its diagnostic
performance. Cancer Res Treat 46(4):393-402

Kjeldsberg KM, Oh K, Murray KA et al (2002)
Radiographic approach to multifocal consolidation.
Semin Ultrasound CT MR 23:288-301

Kuyumcu S (2015) Candida esophagitis mimicking
esophageal malignancy on 18FDG PET/CT. Turk
J Gastroenterol 26:63-64

Logan PM, Primack SL, Miller RR, Miiller NL (1994)
Invasive aspergillosis of the airways: radiographic, CT,
and pathologic findings. Radiology 193(2):383-388

McGuinness G, Scholes JV, Garay SM et al (1994)
Cytomegalovirus pneumonitis: spectrum of parenchy-
mal CT findings with pathologic correlation in 21
AIDS patients. Radiology 192(2):451-459

Morikawa K, Okada F, Ando Y et al (2012) Methicillin-
resistant ~ Staphylococcus aureus and methicillin-
susceptible S. aureus pneumonia: comparison of clinical
and thin-section CT findings. Br J Radiol 85:¢168—e175

Muller N (2003) Pulmonary infections in diseases of the
lung. In: Muller N (ed) Radiologic and pathologic cor-
relations. Lippincott Williams & Wilkins: Baltimore,
Philadelphia; pp 17-75

Niedemann MS (2015) Community-Acquired Pneumonia.
Ann Intern Med 163(7):1TC1

Oh YW, Effmann EL, Godwin JD (2000) Pulmonary
infections in immunocompromised hosts: the impor-
tance of correlating the conventional radiologic
appearance with the clinical setting. Radiology 217:
647-656

161

Park SH, Jeon KN, Park MY et al (2015) Tuberculous
bronchonodal fistula in adult patients: CT findings.
Jpn J Radiol 33:360-365

Schulze M, Vogel W, Spira D et al (2012) Reduced
perfusion in pulmonary infiltrates of high-risk hemato-
logic patients is a possible discriminator of pulmonary
angioinvasive mycosis: a pilot volume perfusion com-
puted tomography (VPCT) study. Acad Radiol
19(7):842-850

Stigl WI, Marrie TJ (2013) Severe community-acquired
pneumonia. Crit Care Clini 29:563-601

Syrjdld H, Broas M, Suramo I, Ojala A, Ldhde S (1998)
High-resolution computed tomography for the diagno-
sis of community acquired pneumonia. Clin Infect Dis
27:358-363

Tanaka N, Matsumoto T, Kuramitsu T et al (1996) High
resolution CT findings in community-acquired pneu-
monia. J] Comput Assist Tomogr 20:600-608

Tasaka S, Tokuda H (2012) Pneumocystis jirovecii pneu-
monia in non-HIV-infected patients in the era of novel
immunosuppressive therapies. J Infect Chemother
18(6):793-806

Thomas CF Jr, Limper AH (2004) Pneumocystis pneumo-
nia. N Engl J Med 350(24):2487-2498

Wahba H, Truong MT, Lei X, Kontoyiannis DP,
Marom EM (2008) Reversed halo sign in invasive
pulmonary fungal infections. Clin Infect Dis 46:
1733-1737

Walker CM, Abbott GF, Greene RE (2014) Imaging pul-
monary infection: classic signs and patterns. AJR
202:479-492

Wang HW, Kuo CJ, Lin W-R et al (2015) The clinical
characteristics and manifestations of cytomegalovirus
esophagitis. Dis Esophagus. pp 1-8. doi:10.1111/
dote.12340


http://dx.doi.org/10.1111/dote.12340
http://dx.doi.org/10.1111/dote.12340

Lung Nodules/Lung Cancer



Robin Peters, Matthijs Oudkerk,
and Rozemarijn Vliegenthart

Abstract

Lung cancer causes the most cancer-related deaths worldwide. The inci-
dence of lung cancer increases with age, and the most important risk factor
is smoking. Smoking prevention and cessation programs have decreased
the number of lung cancer cases. The overall prognosis of lung cancer
remains poor, despite advances in treatment. The purpose of lung cancer
screening is detecting malignancy at an earlier and curable stage. The
National Lung Screening Trial demonstrated that early detection of lung
cancer with low-dose computed tomography (LDCT) decreases mortality
compared with screening by chest radiography. In the United States, sev-
eral organizations published guidelines, recommending implementation
of lung cancer screening for high-risk patients. However, some important
questions regarding LDCT screening have so far been unanswered. The
awaited results of the European trials and pooling of data will be crucial in
establishing recommendations regarding clinical implementation of lung
cancer screening in asymptomatic high-risk persons. This review presents
an overview of current evidence, recommendations, and controversies
concerning lung cancer screening.

1 Introduction

Lung cancer is the most common cause of cancer-
related mortality, not only in the United States
and Europe but also around the world. Worldwide,
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diagnosed cancer after breast, colon, and cervix
carcinoma and the second leading cause of can-
cer death after breast carcinoma (Siegel et al.
2012; Jemal et al. 2011).

More than two-thirds of patients presenting
with clinical symptoms of lung cancer have
locally advanced or metastatic disease. Despite
advances in treatment, lung cancer has a poor
prognosis with an overall 5-year survival rate
after diagnosis of only 16 % (Siegel et al. 2012).
For comparison, 5-year survival rates for colon,
breast, and prostate cancer are between 64 and
99 %. To achieve a substantial reduction in lung
cancer mortality, progress in prevention, early
detection, and treatment are very important.

At this moment, there are several ongoing lung
cancer screening trials that investigate whether
early detection of lung cancer in high-risk individu-
als will reduce lung cancer mortality. In 2011, the
National Lung Screening Trial (NLST) was the
first randomized clinical trial reporting a beneficial
effect of lung cancer screening: lung cancer mortal-
ity was 20% lower among high-risk individuals
screened with low-dose computed tomography
(LDCT), compared to those screened with chest
radiography (National Lung Screening Trial
Research Team et al. 2011). In the United States,
several organizations, including the American
Cancer Society and the American Lung
Association, have since then published recommen-
dations and guidelines for LDCT lung cancer
screening in high-risk patients. In Europe, there are
seven ongoing randomized controlled trials. Three
published studies in relatively smaller cohorts
found no benefit from low-dose CT screening in
high-risk patients in contrast to the NLST, although
individual trials may have been too low in power to
detect a significant mortality reduction (Infante
et al. 2009; Pastorino et al. 2012; Saghir et al.
2012). In Europe, results from large trials such as
the NELSON study (see below) are awaited before
advice on lung cancer screening can be given.

Major challenges in lung cancer screening are
the high false-positive rate of screen tests, overdi-
agnosis, cumulative radiation exposure from
repeated LDCT scans, and patient anxiety. Also,
little is known about the cost-effectiveness of
lung cancer screening.

R. Peters et al.

2 Study Design of Screening
Trials

Table 1 presents the study design and participant
characteristics of the NLST and seven European
lung cancer screening trials.

In 2002, the National Cancer Institute initiated
arandomized control trial for lung cancer screen-
ing, the NLST. The NLST was designed to com-
pare two imaging modalities to detect lung
cancer: LDCT and standard chest radiography.
The main aim was to determine whether screen-
ing with LDCT or standard radiography could
reduce mortality from lung cancer in a high-risk
population. Over 53,000 subjects were randomly
assigned to undergo three annual rounds of
LDCT or three annual rounds of radiography.
Participants were followed for lung cancer diag-
nosis and mortality through December 31, 2009
(median duration of follow-up 6.5 years, with a
maximum duration of 7.4 years) (National Lung
Screening Trial Research Team et al. 2011).
NLST involved manual measurement of the
diameter of detected nodules, where nodules of
4 mm and larger were classified as positive, so as
suspicious for lung cancer.

The second largest trial with finished inclu-
sion is the Dutch-Belgian Randomized Lung
Cancer Screening Trial (acronym NELSON),
launched in 2003, with nearly 16,000 partici-
pants. The NELSON trial was designed to inves-
tigate whether low-dose spiral CT screening in
year 1, 2, 4, and 6.5 will decrease 10-year lung
cancer mortality by at least 25% in high-risk
(ex-)smokers. In contrast to the NLST, the
NELSON trial compared the screen participants
to a control group receiving smoking cessation
advice but no screening. Participants in the screen
group underwent LDCT, and depending on the
screening round, blood sampling and pulmonary
function testing were performed on the same day.
Other aims of the trial include evaluation of the
cost-effectiveness of the screening program,
assessment of the optimal screening interval, and
evaluation of the impact on quality of life
(Van Iersel et al. 2007). In contrast to the
diameter-based NLST, the NELSON trial applied
three-dimensional information of lung nodules
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(volumetry) and a short-term follow-up CT for
indeterminate nodules instead of direct referral.

The other ongoing randomized control trials are
the Detection and Screening of Early Lung Cancer
by Novel Imaging Technology and Molecular
Assays (DANTE) in Italy, the Italian Lung Cancer
Computed  Tomography  Screening  Trial
(ITALUNG), the Multicentre Italian Lung Detection
Trial (MILD), the Danish Lung Cancer Screening
Trial (DLCST), the Lung Cancer Screening
Intervention Study (LUSI) in Germany, and the UK
Lung Cancer Screening trial (UKLS) in the United
Kingdom (Field et al. 2013). The UKLS is the trial
with the most recent start of screening.

3 Who Should Be Screened?

The purpose of a lung CT screening test is to detect
lung cancer in patients before they develop symp-
toms. A patient with an early-stage lung cancer is
eligible for resection and has a 5-year survival rate
of more than 50 % (Siegel et al. 2012).

R. Peters et al.

Precise identification of individuals at high
risk is important to achieve the goal of a high sen-
sitivity of diagnosed lung cancers per screened
population with minimized harms and high cost-
effectiveness. Tobacco use remains the dominant
risk factor for development of lung cancer.
Approximately 85 % of all lung cancers develop
in current or former smokers (Paoletti et al.
2012). The number of cigarettes and the number
of years a person has been smoking play an
important role in the risk of lung cancer. Increased
age is also associated with an increased risk of
malignancy. Lung cancer is rare in individuals
under the age of 40. Other risk factors include
chronic obstructive lung disease, passive smok-
ing, alcohol consumption, air pollution, occupa-
tional exposure to carcinogenic substances
(e.g., asbestos, arsenic, cadmium), and lung can-
cer susceptibility genes (Molina et al. 2008).

The inclusion criteria of study participants
varied between the different trials (Table 2). The
NLST recruited asymptomatic men and women
(55-74 years of age) who were either current

Table 2 Results of randomized clinical trials of lung cancer screening using low-dose computed tomography

NLST NELSON | DANTE
Participants in 26,309 7557 1276
screen arm at
baseline
Baseline test 27.3% 2.6% 4.8 %
positive, %
Baseline test X 19% 12%
indeterminate, %
Lung cancer 1.0% 0.9% 2.2%
detection rate
baseline, %
Stage I cancer 54.1% 63.9% 57 %
baseline, %
Second round test 27.9% 1.8% 0.8%
positive, %
Second round test | X 3.8% 3.4%
indeterminate, %
Lung cancer 0.6 % 0.8% 4.7 %
detection rate,
second round
Stage I cancer 63 % 73.7% 70 %
second round, %
Number of 649 209 58
CT-detected lung

cancers

*MILD annual arm
SMILD biennial arm, NR not reported

ITALUNG | MILD DLCST |LUSI |UKLS
1613 1190 2052 2029 |NR
1186°
42% 22% 8.7% 26% |NR
26 % 13% 8% 17 % NR
1.5% 0.7 % 0.8% 1.1% |NR
48 % 63 % 53% 82 % NR
1.0% NR 23% 1.9% |NR
16 % 3% 1.5% 28 % NR
0.15% 0.8% 0.6 % NR NR
100 % NR 66 % 57 % NR
22 29? 69 22 NR
20°
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smokers or had been smokers within the previous
15 years, with at least 30 pack-years of cigarette
smoking (one pack-year=one package of 20 cig-
arettes daily for 1 year). Excluded were partici-
pants with a history of lung cancer, who had
undergone chest CT within 18 months before
enrollment, who had hemoptysis, or who had
unexplained weight loss of more than 15 1b
(6.8 kg) in the preceding year (National Lung
Screening Trial Research Team et al. 2011).

The NELSON study recruited participants
based on a questionnaire about health, smoking,
cancer history, and other health factors. Eligible
participants were between 50 and 75 years of
age, being current or former smokers with a his-
tory of more than 15 cigarettes daily for more
than 25 years or more than 10 cigarettes for more
than 30 years. Persons who had a moderate or
bad self-reported health; who were unable to
climb two flights of stairs; had a body weight of
more than 140 kg; had a history of lung cancer
less than 5 years ago or ongoing treatment, cur-
rent or past renal cancer, melanoma, or breast
cancer; or had undergone chest CT less than 1
year prior to inclusion were not eligible to par-
ticipate (Van Iersel et al. 2007).

The three Italian trials had the same smoking
criteria: 20 or more pack-years and, if former
smoker, quit less than 10 years before the moment
of inclusion. DANTE recruited healthy male sub-
jects, aged 60—74 years, through general practi-
tioners, advertising leaflets, and local media
(Infante et al. 2008). The MILD trial included
men and women of 49 years and older without
cancer in the previous 5 years, through advertise-
ments published in the lay press and in television
broadcast (Pastorino et al. 2012; Pastorino 2006).
ITALUNG included patients, 55-69 years of age,
of 269 general practitioners, recruited via invita-
tion letters (Lopes Pegna et al. 2009).

The DLCST recruited by advertisements in
free newspapers and magazines from 2004 to
2006. Asymptomatic current or former smokers
(20 or more pack-years), male or female, aged
50-70 years, were included if they were able to
walk up at least 36 stairs without stopping.
Former smokers had to have quit after the age of
50 years and less than 10 years before the moment
of inclusion (Pedersen et al. 2009).
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In Germany, the LUSI trial included men
and women in the age range of 50-69 years by
questionnaire sent on the basis of population
registers. The LUSI trial used the same smok-
ing criteria as in the NELSON study (Becker
et al. 2012).

A different approach for recruiting partici-
pants is used in the UKLS. This trial uses the
Liverpool Lung Project risk model, a lung cancer
risk prediction questionnaire, calculating the risk
of developing cancer over the next 5 years in
potential participants. In the UKLS, participants
with at least 5 % risk of lung cancer in the next 5
years are included.

Currently, there is no consensus or clear-cut
evidence for a certain definition of selection cri-
teria. Older age and heavy smoking history are
generally adopted as criteria for possible LDCT
screening. Individuals outside of these demo-
graphics have not been studied in detail or have
so far not shown to benefit from lung cancer
screening. Nearly all randomized controlled tri-
als used age and smoking history as inclusion
criteria; only the UKLS trial used a prediction
model to define the population to screen. The
finalization of inclusion and the results of the
UKLS are awaited for more information about
this type of screen population selection (Nair and
Hansell 2011).

4 Technical Parameters
for Low-Dose CT for Lung
Cancer Screening

In the 1960s and 1970s, several randomized con-
trolled trials showed no survival benefit for par-
ticipants screened with the use of chest
radiography despite the fact that more early-stage
lung cancers were found (Frost et al. 1984;
Marcus et al. 2000; Bach et al. 2003; Humphrey
et al. 2004). The Mayo Lung Project (n=10,933)
studied the potential of screening with chest
X-ray and sputum cytology every 4 months for 6
years (Fontana et al. 1991). Marcus et al. showed
no decrease in death rate from lung cancer in
extended follow-up of Mayo Lung Project par-
ticipants (Marcus et al. 2000). More recently, the
Prostate, Lung, Colorectal, and Ovarian Cancer



170

Screening Trial, a large randomized study
(n=154,942), showed no significant decrease in
lung cancer incidence or mortality in men and
women screened with annual chest X-ray com-
pared to participants receiving usual care (no
screening) (Oken et al. 2011). Chest X-ray has
been concluded to be ineffective for lung cancer
screening. Studies in high-risk populations have
shown that spiral CT screening detects more lung
cancers than chest radiography (Henschke et al.
1999; Kaneko et al. 1996).

LDCT scans are obtained with the use of
multi-detector CT scanners (16 or more detec-
tors) that allow quick acquisition (in one breath-
hold) of thin overlapping slices. Scans for lung
cancer screening are acquired in a cranio-caudal
scan direction without intravenous contrast. To
minimize breathing artifacts, scans are performed
in inspiration after appropriate instruction by the
technician. Typical technical parameters for
LDCT in the NELSON trial included a tube cur-
rent time product of 20-30 mAs and a pitch of
1.3. The kVp setting was dependent on the patient
body weight (<50 kg, 80-90 kVp; 50-80 kg, 120
kVp; >80 kg, 140 kVp) (Xu et al. 2006; Zhao
et al. 2011). In the two largest screening trials
(NLST, NELSON), the mean effective dose of
the lung cancer screening CT scan was 1.4 mil-
lisievert (mSv) (National Lung Screening Trial
Research Team et al. 2011; Xu et al. 20006).
Lower mAs and/or kVp produce increased image
noise. A good balance is needed to obtain diag-
nostic image quality at optimally low radiation
dose for participants in screening programs. Data
sets were derived with a slice thickness of 1 mm
reconstructed at overlapping 0.7-mm intervals in
the NELSON study and 1-3.2 mm, reconstructed
at 1.0-2.5 mm intervals, in the NLST trial. An
advantage of European CT screening trials is that
most trials have acquired isotropic image data
which allowed for semiautomated volume mea-
surements with the use of dedicated software.
More detailed discussion of the CT scan protocol
can be found under technical parameters in the
chapter “Characterisation of lung nodules and
management of the incidentally detected
nodule.”
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5 Results

In 2011, the NLST published the mortality results
in The New England Journal of Medicine
(National Lung Screening Trial Research Team
et al. 2011). NLST enrolled 53,454 persons at
high risk of lung cancer. Of the participants, 98 %
(52,344/53,454) received a screening examina-
tion in the first round. 26,309 subjects underwent
three annual rounds of screening with LDCT, and
26,035 subjects underwent three annual rounds
of standard radiography. In all three rounds, the
number of participants with positive screening
results was higher in the LDCT group than in the
X-ray group. In the baseline screening round
(TO), 27.3% of CT screenees had a positive test
result versus 9.2% of individuals undergoing
chest radiography (T1, 27.9 % versus 6.2 %; T2,
16.8 % versus 5.0 %). Of the positive test results,
the large majority was false-positive: across the
three rounds, the rate of false-positive test results
was 96.4 % in the LDCT group and 94.5 % in the
radiography group. In the first round, malignancy
was confirmed in 292/26,309 participants (1.1 %)
who underwent LDCT screening versus
190/26,035 (0.7%) in the radiography group
(54 % versus 37 % stage 1 disease and 41 % ver-
sus 59% stage IIB-IV disease). In the LDCT
group, 10.2 % of all screened participants with a
negative screening result had clinically signifi-
cant findings other than lung cancer; this rate was
3% in the radiography group (National Lung
Screening Trial Research Team et al. 2011). In
the LDCT group, 356 lung cancer deaths
occurred, and 443 participants of the radiography
group died from lung cancer, corresponding to
cumulative lung cancer mortality rates of 247 and
309 per 100,000 person-years, respectively. This
led to a relative reduction of 20.3% in lung
cancer-specific mortality after 6.5 years of fol-
low-up in participants screened with LDCT com-
pared to those screened with chest X-ray.
All-cause mortality (death from any cause,
including lung cancer) was 6.7 % lower in sub-
jects screened with LDCT (National Lung
Screening Trial Research Team et al. 2011;
Aberle et al. 2013).
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First and second round results of the NELSON
trial were published in 2009 (Van Klaveren et al.
2009). In total, 15,822 eligible participants were
included. Of the participants, 50% (n=7,915)
were randomized to the screen group undergoing
LDCT and 50% (n="7,907) to the control group
receiving no screening. Both groups obtained
advice on smoking cessation. In the first round,
7,557 participants received LDCT screening. At
baseline, 1.6% (119/7,557) of subjects in the
LDCT group had a positive test result and 79.2 %
a negative result. Of the screenees, 19.2%
received an intermediate test result, with 5.3 %
showing a growing nodule suspicious for malig-
nancy at the 3-month follow-up LDCT scan. In
total, 2.6 % (196/7,557) of participants had a pos-
itive screen test. After workup, 70 of these had
lung cancer (false-positive rate of 64.3 %). In the
lung cancer patients, 63.9 % had stage I disease.
Lung cancer detection rate was 0.9 %. In the sec-
ond round, 1.8 % (128) of participants had a posi-
tive screen result, with 54 subsequently proven to
be lung cancer (73.7 % stage I disease). The lung
cancer detection rate in the second round was
0.8 %. Sensitivity of the first and second screen-
ing round was 94.6 % and 96.4 %, respectively.
The negative predictive value was 99.7 % for the
first round and 99.9 % for the second round (Zhao
et al. 2011). In the third round, 75 of 6,922 sub-
jects had lung cancer with a lung cancer detection
rate of 1.0 %. In the first three screening rounds,
51.2 % of the screen-detected lung cancers were
adenocarcinomas, and 70.8 % was diagnosed at
stage I (Horeweg et al. 2013). Follow-up of the
NELSON study population is ongoing; a conclu-
sive mortality analysis is expected 10 years after
randomization.

The DLCST, initiated in 2004, randomized
4,104 current and former smokers either to annual
LDCT screening for 5 years (2,052) or to no
screening (2,052) (Saghir et al. 2012). The
DANTE trial recruited 2,472 male subjects who
were randomized to the LDCT screen group
(1,276) or to the control group without screening
(1,196). All subjects underwent baseline chest
radiography and sputum cytology; the screening
group also underwent four annual LDCTs (Infante

et al. 2009). In the MILD trial, a total of 1,190
participants were randomized to annual LDCT,
1,186 to biennial LDCT, and 1,723 to usual care
(Pastorino et al. 2012). The ITALUNG trial ran-
domized 3,206 participants to four annual LDCT
examinations (1,613) or usual care (1,593).

Three European trials have published their
mortality results: DANTE, MILD, and DLCST. In
the smaller DANTE and DLCST trials, no statis-
tically significant difference in lung cancer mor-
tality was observed when comparing the screen
group to the control group (Infante et al. 2009;
Saghir et al. 2012). The MILD study, which com-
pared annual to biennial screening, showed that
biennial screening had the same performance as
no screening (Pastorino et al. 2012). These mor-
tality results are contradictory to the larger NLST
that showed a significant reduction in lung cancer
mortality. Most likely this is (mainly) related to
lack of power to show a significant difference in
mortality in these European trials. The NELSON
study will show results of lung cancer mortality
in the coming year (2016). Analysis of lung can-
cer mortality is planned 10 years after random-
ization (Van lersel et al. 2007). The NELSON
results and pooled data from the European trials
will provide crucial answers to quantify the
effects of LDCT screening on lung cancer-
specific mortality (Field et al. 2013).

More results of described randomized clinical
trials of lung cancer screening using LDCT are
presented in Table 2.

6 Current Recommendations
in the United States

After publication of the results from the NLST,
guidelines have been released in the United States
by major organizations regarding lung cancer
screening, namely, the National Comprehensive
Cancer Network (Wood et al. 2012), the American
College of Chest Physicians (Detterbeck et al.
2013), the American Society of Clinical
Oncology, the American Lung Association
(American Lung Association 2012), the
American Association for Thoracic Surgery
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(Jaklitsch et al. 2012), the American Cancer
Society (Wender et al. 2013), and the US
Preventive Services Task Force (Moyer and
U.S. Preventive Services Task Force 2014). Most
organizations recommend annual screening with
LDCT for high-risk patients who match the
inclusion criteria of the NLST: current or former
smokers, 55-74 years of age, at least 30 pack-
years, and no history of lung cancer.

In 2012, the American College of Chest
Physicians and the American Society of Clinical
Oncology recommended screening for lung can-
cer with LDCT in current or former smokers
(quit within the past 15 years) aged 55-74 years
with > 30 pack-year smoking history. For persons
younger than 55 years or older than 74 years or
persons who quit smoking more than 15 years
ago and for individuals with severe comorbidity,
LDCT screening should not be performed accord-
ing to these recommendations. Screening pro-
grams should be offered only in clinical settings
similar to those in the NLST with multidisci-
plinary coordination. Only centers with extensive
experience in image interpretation and manage-
ment of findings should be offering LDCT
screening (Detterbeck et al. 2013). The National
Comprehensive Cancer Network has recom-
mended LDCT screening in high-risk partici-
pants: age 55-74 years with>30 pack-year
smoking history and smoking cessation <15 years
or age>50 years and>20 pack-year smoking
history and one additional risk factor such as can-
cer history, lung disease history, family history of
lung cancer, or radon exposure (Wood et al.
2012). In 2013, the American Cancer Society
recommended that clinicians with access to high-
quality lung cancer screening and treatment cen-
ters should initiate discussion about lung cancer
screening with high-risk individuals (persons
aged 55-74 years with>30 pack-year smoking
history and currently smoking or having quit in
the past 15 years). Screening programs should be
performed in experienced centers (Wender et al.
2013). In the latest guideline, the US Preventive
Services Task Force has given a Grade B recom-
mendation for annual LDCT screening for indi-
viduals aged 55-80 years at high risk of lung
cancer (30 pack-year smoking history and
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currently smoking or having quit within the past
15 years). Interestingly, they recommend that
screening should be stopped once a person has
quit smoking more than 15 years or develops a
health problem that substantially limits life
expectancy (Moyer and U.S. Preventive Services
Task Force 2014).

7 Incidental Findings

Lung cancer screening LDCT examinations are
currently used for evaluation of pulmonary nod-
ules, but these examinations can reveal additional,
potentially useful diagnostic and prognostic infor-
mation. In a systematic review, 14.2 % of partici-
pants in CT lung cancer screening had other
findings necessitating follow-up or additional
imaging (Jacobs et al. 2008). Kucharczyk et al.
reported in a Canadian study a prevalence of 0.7 %
of non-lung cancer findings that were potentially
life-threatening (Kucharczyk et al. 2011). The
NELSON trial reported 1% clinically relevant
incidental findings in CT screening. Table 3 gives
an overview of unrequested information that is
detectable on screening LDCT, in particular coro-
nary artery calcifications (CAC), emphysema, air-
way remodeling, thoracic aortic aneurysms, and
0steoporosis.

Smoking cigarettes is known to contribute to
an increased risk of coronary heart disease mor-
bidity (Iribarren 2000; Shaper et al. 2003) and
mortality (Jacobs et al. 1999). Among NELSON

Table 3 Radiological findings in lung cancer CT
screening

Minor abnormalities | Clinically relevant abnormalities

Aortic calcium

Pulmonary fibrosis
Pleural plaques

Lymphadenopathy
Aortic aneurysm
Aortic valve calcifications

Pleural Coronary artery calcifications
calcifications Emphysema and bronchial wall
Adrenal adenoma remodeling

Bronchiectasis Adrenal lesion (>10 Hounsfield

unit)

Extrathoracic tumor
Pleural fluid
Pneumonia
Osteoporosis

Bone destruction
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participants, 70 % of the screened population had
calcifications of the coronary arteries detected on
the lung cancer screening CT (Jacobs et al. 2012).
Investigators of the NELSON and the MILD
studies reported that coronary calcium scores can
be derived from non-ECG-gated LDCT for lung
cancer screening and that results have predictive
value for cardiovascular events and mortality
(Jacobs et al. 2011; Sverzellati et al. 2012).
Individuals with high coronary calcium scores
have up to nine times higher risk to die within 2
years than those in whom no coronary calcium
was detected (Jacobs et al. 2012; Jacobs et al.
2011). These high-risk asymptomatic individuals
should be referred to a cardiologist for further
workup and preventive treatment. Thereby, the
overall survival rate due to the screening program
and, thus, the screening efficiency could increase.

Besides cardiovascular disease and cancer,
chronic obstructive pulmonary disease (COPD) is
a major cause of death in heavy smokers. COPD
is currently the third leading cause of death world-
wide (World Health Organization. Updated May
2014). The prevalence of COPD is high in a lung
cancer screening population. COPD is character-
ized by chronic airflow limitation mainly caused
by emphysema, large airway disease, and small
airway remodeling due to inflammation.
Quantitative COPD measurements based on
LDCT scans include measurement of emphysema
severity, airway wall thickness, and air trapping.
Participants with COPD can be identified in lung
cancer screening program with accuracy of 78 %,
sensitivity of 63 %, and specificity of 88 % (Mets
et al. 2011). COPD can progress to advanced
stages with functional disability, acute exacerba-
tions, and death. Early detection of COPD should
lead to earlier treatment that can slow down dis-
ease progression and complications.

Decreased bone density, loss of trabecular
bone, and vertebral fractures are manifestations of
vertebral osteoporosis. Romme et al. demon-
strated that CT attenuation values in vertebral
bone are highly correlated with dual energy X-ray
absorptiometry values in patients with COPD
(Romme et al. 2012). More recently, a high preva-
lence of vertebral fractures on LDCT was found
in a random sample of the NELSON trial. In this
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subcohort, vertebral fractures and lower bone
density were independently associated with all-
cause mortality (Van der Aalst et al. 2010).

A calcified aortic valve is a strong predictor of
aortic valve stenosis; patients with severe aortic
valve calcification could benefit from referral to a
cardiologist. An incidental thoracic aorta aneu-
rysm can be detected on LDCT and lead to timely
treatment.

The benefit of lung screening can be improved
by evaluating additional findings. More evidence
is needed about the cost-effectiveness and poten-
tial benefits when additional findings are also
incorporated in the screening management.

8 Benefits and Harms of LDCT
Screening

Advantages and disadvantages of lung screening
should be carefully considered. An overview of
potential benefits and harms is shown in Table 4.
Potential benefits include mortality reduction,
early detection of lung cancer, and morbidity and
mortality reduction from nonmalignant disease.
The major benefit of lung cancer screening is
lung cancer mortality reduction. Four screening
trials (NLST, DANTE, MILD, DLCST) reported
the effect of LDCT screening on lung cancer-
specific mortality and all-cause mortality. The
NLST demonstrated a relative reduction in lung
cancer-specific mortality of 20% in the LDCT
group versus the radiography group over a

Table 4 Advantages and disadvantages of lung cancer
CT screening

Advantages Disadvantages

Decrease in lung cancer False-positive results

mortality Overdiagnosis

Early detection of lung Cumulative radiation
cancer exposure
Discouraging cigarette Anxiety

smoking and promoting Complications from
smoking cessation (unnecessary)

Potential for reduction of
morbidity and mortality from
non-lung cancer diseases:
COPD, coronary artery
calcification, thoracic aorta
aneurysm

diagnostic procedures
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median follow-up of 6.5 years (p=.004) and
showed a reduction of all-cause mortality by
6.7 %. In the smaller trials that published mortal-
ity results, no statistically significant difference
in lung cancer mortality was observed comparing
the screening and control arm.

Identification of patients at early-stage lung
cancer can improve prognosis. Stage I cancer dis-
ease rate is high in the baseline screening round
among screening trials: NLST 63 %, NELSON
64 %, DANTE 54 %, and DLCST 53 %. Stage 1
and II lung cancers can be treated by surgical
resection, sometimes in combination with adju-
vant chemotherapy. These patients have a better
outcome with a 5-year survival rate of more than
52 % (Siegel et al. 2012). Advanced-stage lung
cancer requires more aggressive treatment.

Promoting smoking cessation is the most cost-
effective way to reduce tobacco-induced cancer.
There is hope that screening for lung cancer can
increase the motivation to stop smoking, espe-
cially if a participant receives an indeterminate or
positive test result. In the NELSON study, 14.5 %
of participants in the LDCT group stopped smok-
ing versus 19.1 % in the control group compared
to a background population smoking cessation
rate of 67 % (Van der Aalst et al. 2010). Thus,
perhaps participation in a lung cancer screening
study itself can make smokers more aware of the
importance to stop smoking. Other investigators
argue that participants with a negative test result
may believe that they will not develop lung can-
cer and will continue to smoke, which would be
an unwanted effect of screening. However, this
effect has not been proven so far.

As described above, lung cancer screening
LDCT can be an opportunity to reveal additional
information such as coronary artery calcification,
COPD, and osteoporosis (Mets et al. 2011;
Buckens et al. 2015). The cost-effectiveness of
lung cancer screening could be improved by
using the non-contrast LDCT scan to detect early
stages of other diseases with impact on overall
morbidity and mortality.

Potential harms of LDCT screening include
false-positive results, overdiagnosis, radiation-
induced cancers, anxiety, costs induced by
screening, and additional diagnostic testing.
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Overdiagnosis of lung cancer is defined as
screen-detected tumors that do not affect the
patient’s life expectancy if left untreated. These
slow-growing tumors have a benign behavior.
Discrimination of these tumors from malignant
ones based on imaging is difficult, leading to
unnecessary diagnostic biopsy, additional sur-
gery, or treatment for cancer (chemotherapy or
radiation), as well as additional cost, anxiety, and
morbidity associated with cancer treatment. In
the NLST, 18 % of all detected lung cancers in
the LDCT arm were indolent (Patz et al. 2014).
The magnitude of overdiagnosis is currently
uncertain. More data from other lung cancer
screening trials is necessary.

False-positive results are suspicious findings
on LDCT that do not turn out to be lung cancer.
False-positive results lead to unnecessary nonin-
vasive procedures (additional imaging: follow-
up, PET/CT, radiation exposure) and invasive
procedures such as percutaneous or surgical
biopsy. Minimizing false-positive results is very
important, not only to decrease complications
from unnecessary workup but also to optimize
the cost-effectiveness of screening. For this, opti-
mization of the pulmonary nodule management
protocols is essential. In the NELSON trial, in
which nodule management is based on semiauto-
mated volumetry, the number of false-positive
screening tests was ten times lower compared to
lung cancer screening trials based on maximal
diameter. Likely, this is due to the combination of
volumetry and volume-doubling time (VDT)
assessment. VDT of nodules plays an essential
role to assess growth, especially in individuals
with indeterminate nodules of 5-10 mm in diam-
eter (or 100-300 mm? in volume). Nodules with
VDT greater than 600 days can be regarded as
negative (benign), while VDT of <600 days
necessitates at least follow-up evaluation
(Horeweg et al. 2014a). Heuvelmans et al.
(Heuvelmans et al. 2013) reported that all malig-
nant fast-growing lung nodules after the short-
term follow-up LDCT in the first round of the
NELSON trial had a VDT of<232 days.
Optimization of the VDT cutoff in screen man-
agement protocols can reduce false-positive rates
even further (National Lung Screening Trial
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Research Team et al. 2011; Van Klaveren et al.
2009; Heuvelmans et al. 2013).

Complications related to diagnostic proce-
dures (percutaneous lung biopsy, transbron-
chial biopsy) include pneumothorax, bleeding,
infection, pain, and discomfort. Percutaneous
lung biopsy is complicated in 20.5 % by pneu-
mothorax, and 3.1 % of patients require a chest
drainage for pneumothorax (Richardson et al.
2002). Hemorrhage is rare. Bleeding complica-
tions present most often as hemoptysis
(Richardson et al. 2002). Sometimes thoracos-
copy or thoracotomy is necessary to obtain tis-
sue, with the same potential complications of
biopsy. In the NLST, 1.2% of participants
underwent an invasive procedure for a benign
nodule. The NLST revealed a major complica-
tion in five per every 10,000 screenees with a
benign result (National Lung Screening Trial
Research Team et al. 2011).

Cost-effectiveness of lung cancer screening is
a major consideration in clinical practice. In most
countries, the health-care systems are under pres-
sure due to increasing costs, so pros and cons
must be carefully considered. Several factors
influence the outcome of the cost-effectiveness
such as costs of LDCT (interpretation, workup,
treatment), stage of disease at time of diagnosis,
false-positive results, health effects (quality of
life impact), and workup of incidental findings.
Black et al. (Black et al. 2014) estimated the cost-
effectiveness in the NLST population comparing
different strategies: LDCT, radiography, or no
screening. Screening with LDCT was more cost-
effective in certain subgroups like current smok-
ers and older participants. Preliminary results of
cost-effectiveness analyses from NLST data thus
suggest that LDCT screening could be cost-
effective, depending on how screening is imple-
mented in clinical practice (Black et al. 2014;
American College of Radiology website.
Guidance for ACR members on lung cancer
screening with CT. www.acr.org. Published 24
June 2013). The most cost-effective way to
reduce lung cancer mortality remains smoking
cessation. This unavoidable, important topic will
be further investigated when more mortality data
become available.
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Exposure to ionizing radiation can induce
cancer. Minimization of the radiation dose is
important in screening of asymptomatic, healthy
subjects. The scanning parameters should be set,
keeping radiation dose as low as reasonably
achievable (ALARA principle) (ICRP 1977),
while pulmonary nodules can still be detected
accurately. This can be reached by lowering tube
currents (mAs), lowering tube voltages (kVp),
using filters, and optimizing scan length (z-axis).
A disadvantage of dose reduction is that small
partial-solid or ground-glass nodules might be
less visible. Cumulative exposure to radiation
depends on participant age at the start of screen-
ing, the number of scans received, and the partici-
pants’ exposure to other sources of radiation.

Receiving news that a LDCT screen for lung
cancer is positive is understandably frightening.
Unfortunately, this includes a large number of
false-positive results leading to unnecessary anx-
iety. Currently, there is not much known about
induced anxiety after lung cancer screening. Van
den Bergh et al. (Van den Bergh et al. 2010)
investigated whether health-related quality of life
(HRQoL) changed over time in subjects with an
indeterminate or negative screen result. They
reported short-term increased lung cancer-
specific distress in nearly one half of subjects
awaiting screen results and in participants whom
received an indeterminate screen result. After 6
months, there was no HRQoL effect in the group
with an indeterminate result requiring an addi-
tional 1-year follow-up CT. So, the investigators
concluded that lung cancer screening has no neg-
ative impact on HRQoL in long term (Van den
Bergh et al. 2010). More studies into this topic
are needed.

9 Controversy: Diameter- or
Volume-Based Nodule
Management

The NLST showed that LDCT screening in high-
risk patients for lung cancer provided significant
reduction in mortality rates, but a number of
important questions have so far remained unan-
swered. Uncertainty still exists regarding the
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optimal screen population, potential harms, opti-
mal nodule management protocol, number of
screening rounds, the effect of overdiagnosis, and
the cost-effectiveness of lung cancer screening. A
number of these issues were described and dis-
cussed above. In the current section, the focus is
on the nodule management and, in the next, on
the optimal screening interval. One of the issues
in determining the optimal nodule management
is the way to evaluate nodule size and detect nod-
ule growth. The NLST, DANTE, and ITALUNG
trials used nodule management solely based on
manual diameter measurements (Table 1)
(National Lung Screening Trial Research Team
etal. 2011; Infante et al. 2008; Lopes Pegna et al.
2009), while in a number of European trials, nod-
ule management strategy was based on nodule
volume and volume-based VDT, derived from
semiautomated software. Optimization of nodule
management protocol is essential to reduce the
number of false-positive test results in lung can-
cer screening.

In the NLST, using a diameter-based nodule
protocol, all noncalcified nodules with long-axis
diameters of 4 mm or greater in the axial plane
were considered as a positive test result. The
radiologist measured nodules manually with
electronic calipers. A positive screening result
led to a diagnostic procedure: follow-up imaging,
18  F-fluorodeoxyglucose-positron  emission
tomography (FDG-PET), percutaneous cytology
or biopsy procedure, or diagnostic surgical
biopsy. In the DANTE trial, nodules with diame-
ter of > 10 mm or 5-10 mm but showing spicu-
lated margins tested positive and received workup
(Infante et al. 2008).

The NELSON study was the first lung cancer
screening trial in which semiautomated volumet-
ric measurements were used for solid nodules
and the solid part of partial-solid nodules. Also
the LUSI and DLCST trials used volume-based
nodule management for detected nodules
(Pedersen et al. 2009; Becker et al. 2012). In the
NELSON trial, lung nodules were classified as
follows: nodules<50 mm?® (corresponding to a
diameter of around 4.6 mm) tested negative,
nodules >500 mm? (corresponding to a diameter
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of around 9.8 mm) tested positive, and nodules
with volume in between these cutoffs tested inde-
terminate. Participants with an indeterminate test
result received a short-term follow-up LDCT
(Fig. 1) (Van Klaveren et al. 2009). Then, nodule
growth in terms of VDT was calculated accord-
ing to the formula (Xu et al. 2006):
S In(2) At
Volume doubling time (days) = ——————
In(V2)—-In(V1)
At represents time in days between scans, V1 the
regular round and V2 the follow-up round (Xu
et al. 2006). VDT of less than 400 days warrants
additional diagnostic procedures. Participants
whose nodules had a VDT of 400-600 days were
indeterminate, requiring an extra follow-up CT
12 months after the regular round CT (Figs. 2 and
3). A VDT of more than 600 days was negative,
i.e., no further evaluation was needed (Xu et al.
2006; Heuvelmans et al. 2013). A similar nodule
management protocol to the NELSON trial was
used in the UKLS (Baldwin et al. 2011). The
MILD trial used also volumetry for nodule man-
agement, but different cutoff values were applied:
nodules <60 mm?® received a negative result and
nodules>250 mm?® were considered positive
(Pastorino 2006).

In the NLST, the percentage of positive screen
results was 27.3 % at baseline and 27.9 % in the
second round, while the NELSON trial presented
ten times lower positive test results (2.6% at
baseline and 1.8 % in the second round). In both
trials, the negative predictive value was
comparably high (NLST 99.9 % versus NELSON
99.7-99.9 %) (National Lung Screening Trial
Research Team et al. 2011; Van Klaveren et al.
2009). Horeweg et al. recently published results
comparing different nodule management strate-
gies based on nodule volume and VDT versus
diameter, derived from the baseline data of the
NELSON study. Nodule management based on
volumetric measurements and VDT had a sensi-
tivity (90.9 %, 95 % CI: 81.2-96.1) and negative
predictive value (99.9%, 95% CI: 99.8-100)
comparable to the diameter-based protocol
(92.4%, 95 % CI: 83.1-97.1 and 99.9 %, 95 % CI:
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Fig.1 Overview of the nodule management protocol of the baseline round in the NELSON trial, as example of a volu-

metry and VDT-based protocol

99.8-100). However, the specificity and positive
predictive value were favorable for the volume-
based protocol (volume protocol 94.9 %, 95 % CI:
94.4-95.4 and 14.4 %, 95 % CI: 11.3-18.1 versus
diameter protocol 90.0 %, 95 % CI: 89.3-90.7 and
7.9%, 95% CI: 6.2-10.1) (Horeweg et al. 2014a;
Heuvelmans et al. 2013). These findings suggest
that nodule management based on volume is more
accurate than diameter-based nodule management
(Horeweg et al. 2014a).

10 Controversy: Optimal Screen

Interval

Other important remaining questions are the
length of the screen interval and the frequency of
screening. The screen interval can influence the
percentage of early-stage lung cancers in

screening programs, as well as the number of
interval cancers. In the NLST and most European
trials, subjects were screened in three to five
annual screening rounds (National Lung
Screening Trial Research Team et al. 2011;
Saghir et al. 2012; Infante et al. 2008; Lopes
Pegna et al. 2009; Becker et al. 2012). In contrast,
subjects in the NELSON trial underwent LDCT
screening in year 1, 2, 4, and 6.5, so with differ-
ing screen intervals (Zhao et al. 2011).
Investigators reported an increased number of
interval cancers in case of prolonged screen inter-
vals (Horeweg et al. 2014b). However, overall the
number of interval cancers and the percentage of
stage 1 disease lung cancer detected in the first
two rounds of the NELSON trial did not differ
significantly from the results in the NLST (stage
I disease 62 % in NELSON versus stage I disease
59% in NLST) (National Lung Screening Trial
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.

Baseline:

Volume 23 mm?

VDT
441 days

Fig.2 Example of a growing, malignant lung nodule in a
55-year-old former smoker with 63.7 pack-years. Coronal
computed tomography (C7T) scan image (a) showed a
lesion with a baseline volume of 23 mm? in the right lower
lobe (arrow). According to the nodule management algo-
rithm, the screen result was negative. At the regular sec-
ond round screening (12 m.a.b.) (b), the nodule volume
was 39 mm?, and the calculated VDT was 441 days. Due

Research Team et al. 2011). The second study
that did not only use annual screening rounds was
the MILD trial; participants were randomized to
either no LDCT screening, annual LDCT, or
biennial LDCT screening. The cumulative 5-year
lung cancer incidence rate was 311 per 100,000
for no LDCT, 620 per 100,000 for annual LDCT
and 457 per 100,000 for biennial LDCT. Thus,
more cancers were detected in the annual screen-
ing group. However, no difference in mortality
and number of interval cancers was observed
between the annual and biennial screening group
in the 5-year results (Pastorino et al. 2012). More

27 roune

Volume 39 mm?

R. Peters et al.

1-yepr .
follow-up *

Volume 101 mm?

VDT

& 302 days

to the VDT (400-600 days), the screen result was indeter-
minate, and arepeat CT at 1 year was indicated (24 m.a.b.).
The follow-up CT 1 year later (¢) showed a nodule volume
of 101 mm?. The VDT at that time was 302 days. Due to
the VDT (<400 days), the screen result was positive, and
the participant was referred to the pulmonologist. Workup
revealed stage la adenocarcinoma. M.a.b.=months after
baseline

data are needed to determine the optimal screen-
ing interval. Optimization of the screen interval is
needed to assess the benefit-harm balance of less
frequent LDCT screening.

In summary, the NLST has demonstrated a
mortality benefit from lung cancer screening for
high-risk participants using low-dose computed
tomography. Various American societies now
recommend lung cancer screening to be imple-
mented in practice. However, there are still a
number of important issues that need answering
before implementation of LDCT screening in
Europe.
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Baseline

Volume 249 mm?

Fig. 3 Growing malignant lesion in a 72-year-old man.
Axial CT scan shows a round nodule with a volume of
249 mm? in the middle lobe. Three months later, the nod-

References

Aberle DR, DeMello S, Berg CD et al (2013) Results of
two incidence screenings in the National Lung
Screening Trial. N Engl J Med 369:920-931

American College of Radiology website. Guidance for
ACR members on lung cancer screening with CT.
www.acr.org. Published 24 June 2013. Accessed 4
Nov 2013.

American Lung Association (2012) Providing guidance
on lung cancer screening to patients and physicians
(internet). American Lung Association, Chigaco

Bach P, Kelly M, Tate R, McCrory DC (2003) Screening
for lung cancer: a review of the literature. Chest
123(Suppl 1):725-82S

VDT 169 days

=

j 3-month follow-up

:I Volume 362 mm?

1D 2
reported

o e
AU

-
|

ule volume increased to 362 mm® (VDT=169 days).
Biopsy revealed a pT1 NO Mx squamous cell carcinoma

Baldwin DR, Duffy SW, Wald NK et al (2011) UK Lung
Screen (UKLS) nodule management protocol: model-
ling of a single screen randomised controlled trial of
low-dose CT screening for lung cancer. Thorax 66:
308-313

Becker N, Motsch E, Gross ML et al (2012) Randomized
study on early detection of lung cancer with MSCT in
Germany: study design and results of the first screen-
ing round. J Cancer Res Clin Oncol 138:1475-1486

Black WC, Gareen IF, Soneji SS et al (2014) Cost-
effectiveness of CT screening in the National Lung
Cancer Screening Trial. N Eng J Med 371:19

Buckens CF, van der Graaf Y, Verkooijen HM et al (2015)
Osteoporosis markers on low-dose lung cancer screen-
ing chest computed tomography scans predict all-
cause mortality. Eur Radiol 25(1):132-139


http://www.acr.org/

180

Detterbeck FC, Mazzone PJ, Naidich DP et al (2013)
Screening for lung cancer: diagnosis and management
of lung cancer, 3rd ed: American College of Chest
Physicians evidence-based clinical practice guide-
lines. Chest 143(Suppl):e78S-e92S

Field JK, van Klaveren R, Pedersen JH et al (2013)
European randomized lung cancer screening trials:
post NLST. J Surg Oncol 108:280-286

Fontana RS, Sanderson DR, Woolner LB, Taylor WF,
Miller WE, Muhm JR et al (1991) Screening for lung
cancer: a critique of the Mayo Lung Project. Cancer
67(4 Suppl):1155-1164

Frost JK, Ball WC Jr, Levin ML et al (1984) Early lung
cancer detection: results of the initial (prevalence)
radiologic and cytologic screening in the Johns
Hopkins study. Am Rev Respir Dis 130(4):549-554

Henschke CI, McCauley DI, Yankelevitz DF et al (1999)
Early Lung Cancer Action Project: overall design and
findings from baseline screening. Lancet 354:99-105

Heuvelmans MA, Oudkerk M, de Bock GH et al (2013)
Optimisation of volume-doubling time cutoff for fast-
growing lung nodules in CT lung cancer screening
reduces false-positive referrals. Eur Radiol 23(7):
1836-1845

Horeweg N, van der Aalst CM, Thunnissen E et al (2013)
Characteristics of lung cancers detected by computed
tomography screening in the randomized NELSON
trial. Am J Respir Crit Care Med 187:848-854

Horeweg N, van Rosmalen J, Heuvelmans MA et al
(2014a) Lung cancer probability in patients with
CT-detected pulmonary nodules: a prespecified analy-
sis of data from the NELSON trial of low-dose CT
screening. Lancet Oncol 15(12):1332-1341

Horeweg N, Th Scholten E, de Jong PA et al (2014b)
Detection of lung cancer through low-dose CT screen-
ing (NELSON): a prespecified analysis of screening
test performance and interval cancers. Lancet Oncol
15(12):1342-1350

Humphrey LL, Teutsch S, Johnson M, U. S. Preventive
Services Task Force (2004) Lung cancer screening
with sputum cytologic examination, chest radiogra-
phy, and computed tomography: an update for the
U.S. Preventive Services Task Force. Ann Intern Med
140(9):740-753

ICRP (1977) Recommendations of the ICRP. Ann ICRP
1:3

Infante M, Lutman FR, Cavuto S et al (2008) Lung cancer
screening with spiral CT: baseline results of the ran-
domized DANTE trial. Lung Cancer 59:355-363

Infante M, Cavuto S, Lutman FR et al (2009) A random-
ized study of lung cancer screening with spiral com-
puted tomography: three-year results from the DANTE
trial. Am J Respir Crit Care Med 180:445-456

Iribarren C (2000) Reexamining health effects of cigar
smoking: fashionable, but may increase the risk of
coronary heart disease. Eur Heart J 21:505-506

Jacobs EJ, Thun MJ, Apicella LF (1999) Cigar smoking
and death from coronary heart disease in a prospective
study of US men. Arch Intern Med 159:2413-2418

R. Peters et al.

Jacobs PC, Mali WP, Grobbee DE, van der Graaf Y (2008)
Prevalence of incidental findings in computed tomo-
graphic screening of the chest: a systematic review.
J Comput Assist Tomogr 32(2):214-221

Jacobs PC, Gondrie MJ, Mali WP et al (2011) Unrequested
information from routine diagnostic chest CT predicts
future cardiovascular events. Eur Radiol 21(8):
1577-1585

Jacobs PC, Gondrie MJ, van der Graaf Y et al (2012)
Coronary artery calcium can predict all-cause mortality
and cardiovascular events on low-dose CT screening for
lung cancer. AJR Am J Roentgenol 198(3):505-511

Jaklitsch MT, Jacobson FL, Austin JH et al (2012) The
American Association for Thoracic Surgery guidelines
for lung cancer screening using low-dose computed
tomography scans for lung cancer survivors and other
high-risk groups. J Thorac Cardiovasc Surg 144:33-38

Jemal A, Bray F, Center MM et al (2011) Global cancer
statistics. CA Cancer J Clin 61:69-90

Kaneko M, Eguchi K, Ohmatsu H et al (1996) Peripheral
lung cancer: screening and detection with low-dose
spiral CT versus radiography. Radiology 201:798-802

Kucharczyk MJ, Menezes RJ, McGregor A et al (2011)
Assessing the impact of incidental findings in a lung
cancer screening study by using low-dose computed
tomography. Can Assoc Radiol J 62:141-145

Lopes Pegna A, Picozzi G, Mascalchi M et al (2009)
Design, recruitment and baseline results of the
ITALUNG trial for lung cancer screening with low
dose CT. Lung Cancer 64:34-40

Marcus P, Bergstralh E, Fagerstrom R et al (2000) Lung
cancer mortality in Mayo Lung Project: impact of
extended follow up. J Natl Cancer Inst 92:1308-1316

Mets OM, Buckens CF, Zanen P et al (2011) Identification
of chronic obstructive pulmonary disease in lung can-
cer screening computed tomographic scans. JAMA
306(16):1775-1781

Molina JR, Yang P, Adjei AA et al (2008) Non-small cell
lung cancer: epidemiology, risk factors, treatment and
survivorship. Mayo Clin Proc 83(5):584-594

Moyer VA, U.S. Preventive Services Task Force (2014)
Screening for lung cancer: U.S. Preventive Services
Task Force recommendation statement. Ann Intern
Med 160:330-338

Nair A, Hansell DM (201 1) European and North American
lung cancer screening experience and implications for
pulmonary nodule management. Eur Radiol 21(12):
2445-2454

National Lung Screening Trial Research Team, Aberle
DR, Adams AM, Berg CD et al (2011) Reduced lung-
cancer mortality with low-dose computed tomo-
graphic screening. N Engl J Med 365:35-409

Oken MM, Hocking WG, Kvale PA et al (2011) Screening
by chest radiograph and lung cancer mortality: the
Prostate, Lung, Colorectal, and Ovarian (PLCO) ran-
domized trial. JAMA 306:1865-1873

Paoletti L, Jardin B, Carpenter MJ, Cummings KM,
Silvestri GA (2012) Current status of tobacco policy
and control. J Thorac Imaging 27:213-219



Lung Cancer Screening: Evidence, Recommendations, and Controversies 181

Pastorino U (2006) Early detection of lung cancer.
Respiration 73:5-13

Pastorino U, Rossi M, Rosato V et al (2012) Annual or
biennial CT screening versus observation in heavy
smokers: 5-years results of the MILD trial. Eur
J Cancer Prev 21:308-315

Patz EF Jr, Pinsky P, Gatsonic C et al (2014) Overdiagnosis
in low-dose computed tomography screening for lung
cancer. JAMA Intern Med 174(2):269-274

Pedersen JH, Ashraf H, Dirksen A et al (2009) The Danish
randomized lung cancer CT screening trial: overall
design and results of the prevalence round. J Thorac
Oncol 4:608-614

Richardson CM, Pointon KS, Manhire AR et al (2002)
Percutaneous lung biopsies: a survey of UK practice
based on 5444 biopsies. Br J Radiol 75(897):
731-735

Romme EA, Murchison JT, Phang KF et al (2012) Bone
attenuation on routine chest CT correlates with bone
mineral density on DXA in patients with COPD. J
Bone Miner Res 27:2338-2343

Saghir Z, Dirksen A, Ashraf H et al (2012) CT screening
for lung cancer brings forward early disease. The ran-
domized Danish lung cancer screening trial: status
after five annual screening rounds with low-dose
CT. Thorax 67:296-301

Shaper AG, Wannamethee SG, Walker M (2003) Pipe and
cigar smoking and major cardiovascular events, cancer
incidence and all-cause mortality in middle-aged
British men. Int J Epidemiol 32:802-808

Siegel R, Naishadham D, Jemal A (2012) Cancer statis-
tics, 2012. CA Cancer J Clin 62:10-29

Sverzellati N, Cademartiri F, Bravi F et al (2012)
Relationship and prognostic value of modified coro-
nary artery calcium score, FEV1 and emphysema in

lung cancer screening population: the MILD trial.
Radiology 262(2):460-467

Van den Bergh KA, Essink-Bot ML, Borsboom GJ et al
(2010) Short-term health-related quality of life conse-
quences in a lung cancer CT screening trial NELSON).
Br J Cancer 102:27-34

Van der Aalst CM, van den Bergh KA, Willemsen MC
et al (2010) Lung cancer screening and smoking absti-
nence: 2 year follow-up data from the Dutch-Belgian
randomised controlled lung cancer screening trial.
Thorax 65:711-718

Van lersel CA, de Koning HJ, Draisma G, Mali WP,
Scholten ET, Nackaerts K et al (2007) Risk-based selec-
tion from the general population in a screening trial:
selection criteria, recruitment and power for the Dutch-
Belgian randomized lung cancer multi-slice CT screen-
ing trial (NELSON). Int J Cancer 120(4):868-874

Van Klaveren RJ, Oudkerk M, Prokop M et al (2009)
Management of lung nodules detected by volume CT
scanning. N Engl J Med 361:2221-2229

Wender R, Fontham ET, Barrera E Jr et al (2013)
American Cancer Society lung cancer screening
guidelines. CA Cancer J Clin 63:107-117

Wood DE, Eapen GA, Ettinger DS et al (2012) Lung can-
cer screening. J Natl Compr Canc Netw 10(2):
240-265

World Health Organization. Updated May 2014. www.
who.int/mediacentre/factsheets/fs310/en/accessed
march 10, 2016

Xu DM, Gietema H, de Koning H et al (2006) Nodule man-
agement protocol of the NELSON randomised lung
cancer screening trial. Lung Cancer 54(2):177-184

Zhao YR, Xie X, de Koning HJ, Mali WP, Vliegenthart R,
Oudkerk M (2011) NELSON lung cancer screening
study. Cancer Imaging 11:579-S84


www.who.int/mediacentre/factsheets/fs310/en/accessed march 10, 2016
www.who.int/mediacentre/factsheets/fs310/en/accessed march 10, 2016
www.who.int/mediacentre/factsheets/fs310/en/accessed march 10, 2016

Anand Devaraj, Charlie Sayer and John Field

Abstract

Pulmonary nodules are a frequently encountered incidental phenomenon
on thoracic CT. This chapter will review a number of strategies that are
available to help clinicians distinguish between benign and malignant nod-
ules, including assessment of nodule size, nodule morphology, nodule
density and nodule growth rate.

1 Introduction

The pulmonary nodule is defined by the
Fleischner society as a rounded opacity, well or
poorly defined, measuring up to 3 cm in diameter
(Hansell et al. 2008). Since the advent of multi-
detector CT, the frequency with which pulmo-
nary nodules are encountered as incidental
findings on CT has increased substantially.
While the prevalence of pulmonary nodules has
varied from approximately 27 % in the National

A. Devaraj, MRCP, FRCR, MD (D<)

Department of Radiology, Royal Brompton Hospital,
Sydney Street, London, UK

e-mail: a.devaraj@nhs.net

C. Sayer
Department of Radiology, Brighton and Sussex
University Hospitals Trust, Eastern Road, Brighton, UK

J. Field

Department of Molecular and Clinical Cancer
Medicine, The University of Liverpool, Institute of
Translational Medicine, West Derby Street,
Liverpool, UK

© Springer International Publishing 2016

Lung Screening Trial (NLST) (Aberle et al. 2011)
to 75% in the Pan-Canadian (PANCAN) study
(McWilliams et al. 2013), on average lower rates
are reported in investigations of incidental pulmo-
nary nodules outside of lung cancer screening
(Barrett et al. 2009). However, in general it is dif-
ficult to compare studies carried out in a screening
setting to those from clinical practice due to meth-
odological and demographic differences. Studies
examining the rate of incidentally detected nod-
ules have tended to rely on retrospective chart
review, while in screening trials CTs are examined
by thoracic radiologists with a greater emphasis on
identifying nodules. Interestingly, in one study of
incidental nodules, in which over 2000 thoracic
CTs were re-reviewed by expert radiologists, a
nodule prevalence of up to 26.5% was reported
(Gomez-Saez et al. 2014), a figure not dissimilar
to findings from the NLST trial.

Given the high prevalence of nodules identi-
fied on CT, distinguishing between benign and
malignant nodules becomes of paramount impor-
tance. On CT, the strategies available to achieve
this are (i) evaluation of nodule size, morphology
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and density and (ii) surveillance over time. This
chapter will review both of these strategies as
well as novel CT techniques.

2 Solid Nodules
2.1 Nodule Size as an Indicator
of Malignancy

The positive relationship between nodule size and
lung cancer risk has been known for some time,
with an approximate 1.1 odds ratio for cancer for
each 1 mm increase in nodule diameter reported in
early studies (Gould et al. 2007a). A very low risk
of lung cancer in very small nodules is also a long
established observation. In the Mayo Lung Cancer
Screening Trial of 1520 patients, lung cancer risk
was 0.2 % for nodules less than 3 mm, 0.9 % for
nodules between 4 and 7 mm and 18 % for nodules
between 9 and 20 mm (Swensen et al. 2003).

More recently, a considerable volume of new
data has emerged from two large lung cancer
screening trials that have particular relevance for
the management of small lung nodules. Horeweg
et al. (2014) reported the 2-year outcomes in
7155 participants with and without nodules from
the NELSON lung cancer screening trial. It was
shown that individuals with nodules<100 mm?
had a 0.6 % risk for lung cancer, which was not
statistically different from participants without
nodules (0.4 %). The same report also confirmed
the exponentially increasing risk with increasing
nodule size (2.4 % for nodules between 100 mm?
and 300 mm? and 16.9 % for nodules >300 mm?).

In the NLST trial, Gierada et al. (2014)
reported that the 12-month risk of lung cancer
was only 0.15% for participants with nod-
ules<5 mm, which was almost identical to par-
ticipants without any nodules at all (0.1%) at
initial CT. By contrast, the risk for participants
with nodules between 5 and 8 mm and >8 mm
was 0.6 % and 9.3 %, respectively.

It is unlikely that further data in similar num-
bers to the NELSON and NLST trials, on the
behaviour of small nodules over time will be
forthcoming in the near future. Indeed, on the
basis of this evidence, the British Thoracic
Society in 2015 recommended that patients with
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incidentally detected very small nodules do not
undergo follow-up CT.

2.2 Nodule Morphology

The morphology or shape of pulmonary nodules
has been shown to have some influence on the
likelihood of malignancy, though this character-
istic does not appear to be as strong a predictor as
size, growth and attenuation characteristics (see
later for growth and attenuation characteristics).
Diederich et al. showed that well-defined, non-
lobulated nodules were more likely to show com-
plete, rather than incomplete, resolution at
follow-up in an early lung cancer screening trail
(Diederich et al. 2005). In a larger study based on
data from the NELSON screening trial, Xu et al.
prospectively demonstrated that a solid pulmo-
nary nodule, less than 1 cm in diameter, highly
spherical, with smooth margins, was less likely to
show interval growth or turn out to be malignant
than one with spiculated, lobulated or irregular
margins (Xu et al. 2008). However, size remained
independently a much stronger predictor of
malignancy. In another study, the same authors
also looked at 891 subcentimetre, solid, non-
calcified nodules retrospectively (Xu et al. 2009).
All malignant nodules were nonspherical and
unattached to vessels, pleura or fissures. At
1-year follow-up in 891 nodules, only 2% of
smooth nodules (n=262) were malignant com-
pared with 22 % of lobulated nodules (n=106)
and 14.5% of spiculated nodules (n=68).
However, in the same study, 27 % of spherical
nodules (n=387) were malignant, illustrating the
overlap in morphological features between
benign and malignant nodules. Further data from
the NLST has shown that subjectively assessed
poorly defined margins or spiculation increased
the odds of malignancy in a nodule by 2.8 times
compared to a smooth margin (Bartholmai et al.
2015). These results were also supported in
another prospective study by Harders et al. which
included 213 consecutive pulmonary nodules
(5-30 mm) in patient’s referred for suspected
lung cancer. Using the reference standard of
biopsy or follow-up to 24 months of follow-up,
the authors demonstrated a malignancy likelihood
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ratio of 5.5 for spiculated nodules, 2.0 for lobu-
lated nodules and 1 for smooth or polygonal nod-
ules (Harders et al. 2011). Despite the results of
these studies, it is intuitive that in small nodules,
the subjective assessment of morphology is prone
to both inter- and intra-observer variability and
therefore only weakly predicts the chance of
malignancy. In fact, in the context of lung cancer
screening, descriptors of morphology may be
over- or understated by the reader, to support or
negate a need for recall when combined with
other factors such as size, location and attenua-
tion characteristics (Fig. 1).

To counter the subjective element, some
investigators have evaluated quantitative meth-
ods to see if an improved discrimination between
benign and malignant nodules can be made. Li
et al. showed that a computer-aided diagnosis
(CAD) using linear discrimination analysis of 56
morphological features could improve detection
of malignancy amongst radiologists looking at
benign and malignant lesions between 6 and
20 mm (Li et al. 2004).

Fig. 1 CT shows a large spiculated nodule in the right
lower lobe which proved to be lung adenocarcinoma.
Spiculation has been shown to be more likely to be associ-
ated with malignant than benign nodules, although benign
nodules can also show spiculation. However, in this exam-
ple, size is the best predictor of malignancy, and the utility
of nodule morphology in smaller nodules is limited
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Peri-fissural Nodules
and Intrapulmonary Lymph
Nodes

2.3

Recognising the typical CT features of benign
intrapulmonary lymph nodes is important and
may help avoid unnecessary surveillance or
biopsy in some patients. The morphological char-
acteristics of benign intrapulmonary lymph nodes
(IPLNs) have been described in five studies evalu-
ating resected nodules histologically confirmed as
IPLNs (Wang et al. 2013) (Shaham et al. 2010;
Hyodo et al. 2004; Oshiro et al. 2002; Takenaka
et al. 2013). Described features include nonspher-
ical shape, subpleural location, size typically less
than 1 cm, smooth margins and often the presence
of an attached interlobular septum (Fig. 2). Two
large long-term surveillance studies have also
reported benign and indolent behaviour in

4

1

Fig.2 (a) CT shows nonspherical nodule adjacent to hori-
zontal fissure, with emerging interlobular septum. (b)
Sagittal image confirms the peri-fissural location and trian-
gular shape of this likely benign intrapulmonary lymph node
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so-called peri-fissural nodules, which may well
constitute intrapulmonary lymph nodes. De Hoop
etal. (2012) and Ahn et al. (2010) both showed an
absence of malignancy in fissure-attached nod-
ules with a lentiform or triangular shape. Even in
the presence of rapid growth, no malignancies
were identified in peri-fissural nodules in the
study by de Hoop et al. (2012). It should be noted
that fissure-attached nodules with non-smooth
margins or in patients with known primary malig-
nancies should not automatically be regarded as
benign.

CT Assessment of Nodule
Growth Rate

24

Lung nodule growth is one of the most powerful
markers of malignancy, though uncertainties
exist regarding growth assessment: (i) there is no
widely accepted definition of lung nodule growth
on CT or how it should be measured; and (ii)
because benign nodules also grow, capturing the
rate of growth is perhaps as important as defining
growth in itself.

In clinical practice, growth is often assessed
by demonstrating an increase in nodule diameter
measurement using electronic callipers. The
screening nodule management guidelines
“Lung-Rads” define growth as a diameter
increase of 1.5 mm (Kazerooni et al. 2015). By
contrast, others such as the NLST trial defined
growth as an increase in size of 10 %, while the
National Comprehensive Cancer Network
screening guidelines stipulate a 2 mm increase as
constituting growth (Wood et al. 2015).

Although diameter measurements of lung
nodules are readily performed, they are subject to
reliability issues. Revel et al. found that inter-
reader variability for diameter measurements was
1.73 mm or 20% of average diameter (Revel
et al. 2004). However, when translated into vol-
ume, this variation is approximately 100%, a
substantially larger figure. Inconsistency in diam-
eter measurement occurs because of the require-
ment of readers to place cursors at the edges of a
lung nodule. Diameter measurements may also
underestimate nodule growth because nodules
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are not perfect spheres and do not grow in a sym-
metrical fashion.

To overcome these limitations, volumetry
applications have been used to determine nodule
size and growth in several lung cancer screening
trials (Baldwin et al. 2011; van Klaveren et al.
2009). Importantly many trials have used volum-
etry in conjunction with volume-doubling times
(VDT), calculated using volume measurements
at two time points. The volume-doubling time of
lung cancer has typically been reported to be less
than 400 days in clinical practice (Detterbeck and
Gibson 2008) and screening studies (Henschke
et al. 2012). In the NELSON lung cancer screen-
ing trial, Horeweg et al. (2014) established that
2-year lung cancer risk was 9.9%, 4.0% and
0.8 % in patients with VDT of <400 days, 400—
600 days and >600 days, respectively (Fig. 3). It
should be remembered that volumetry measure-
ments are influenced by reconstruction and other
parameters such as slice thickness and recon-
struction algorithms. Hence consistency of acqui-
sition, reconstruction and patient factors is crucial
when using this software.

3 Subsolid Nodules

The term subsolid nodule (SSN) refers to a
rounded area of increased attenuation less than
3 cm in diameter that is lower in density than sur-
rounding soft tissue structures but may contain
small solid elements. These nodules may also be
referred to as ‘pure ground-glass’ or, when areas
of obscuration of normal parenchymal architec-
ture occur, ‘part-solid’ nodules (Lee and Lee
2011). The presence of SSN on thoracic CT is
variable but not uncommon, with reported fre-
quencies of 2-3% in the NLST (Aberle et al.
2011) and NELSON (van Klaveren et al. 2009)
trials and approximately 15% in the PANCAN
study (McWilliams et al. 2013). A significant
number of subsolid nodules are transient and
inflammatory, with up to 70 % of pure or part-
solid GGN reported to resolve on subsequent
follow-up imaging (Oh et al. 2007). However,
persistent subsolid nodules are by contrast more
likely to be malignant and in particular represent
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Fig. 3 CT shows nodule in the right lower lobe at base-
line (a) and at 12 months of follow-up CT (b). 3D volume-
rendered images (c) show the nodule to have been
successfully segmented by nodule volumetry application.

adenocarcinoma histopathologically. The classi-
fication of adenocarcinoma led by the IASCL in
2011 introduced a number of terms including
atypical adenomatous hyperplasia (AAH), ade-
nocarcinoma in situ (AIS), minimally invasive
adenocarcinoma (MIA) and invasive adenocarci-
noma (Travis et al. 2011). Much work has
recently been done on evaluating the relationship
between the appearances of subsolid nodules and
the spectrum of lung adenocarcinoma, and this
has shown that CT may distinguish different sub-
types even though there is considerable overlap
in the CT characteristics of these lesions.

AAH and AIS are considered preinvasive
lesions. AAH is usually less than 5 mm in diam-

It measures 408mls (d) at baseline and 457mls at follow-
up (e). This equated with a volume-doubling time of over
2000 days in keeping with a more benign rate of growth

eter and most often of purely ground-glass com-
position with no obscuration of vascular or
bronchiolar margins (Ishikawa et al. 2005; Kim
et al. 2007). Although some studies have demon-
strated that a spherical shape is more prevalent in
AAH when compared to malignant lesions, this
is not a reliable discriminator (Oda et al. 2008).
AIS is defined as adenocarcinoma with a purely
lepidic growth pattern (along alveolar structures
with no stromal, vascular or pleural invasion). On
CT, AIS most often manifest as a pure ground-
glass nodule with or without small solid compo-
nents when viewed on thin section CT, though
AIS tends to be more opaque than AAH (Park
et al. 2006) (Ikeda et al. 2007).
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MIA is defined as a lesion with a predominant
lepidic growth with <5 mm stromal invasion
(Travis et al. 2011).

Much recent literature has focused on the size
of the solid component on CT as a predictor of
the extent of invasion, with a solid component
greater than 5 mm being considered malignant
unless proven otherwise. However, the solid
component of a persistent SSN may represent a
number of entities including alveolar collapse,
inflammatory cellular infiltrate, fibrosis, non-
invasive lepidic growth or invasive adenocarci-
noma. For this reason, the size of the solid
component on CT may be larger than any poten-
tial invasive component histologically (Naidich
et al. 2013; Noguchi et al. 1995). Conversely the
size of a small invasive component histologically
may not be visible on CT with a spatial resolu-
tion not more than 200—300 pm. It follows there-
fore that there is considerable overlap between
preinvasive and invasive lesions on CT. For
instance, Lim et al. (2013) examined the histo-
pathological findings in 46 large pure GGNs
(>10 mm) and found that, although most repre-
sented AIS, approximately one third were inva-
sive adenocarcinoma. In another study by Lee
et al. (2013), 208 resected part-solid lesions
were examined. 23 % were preinvasive, although
there was a significant difference in the size of
the solid component between preinvasive and
invasive lesions (3.5+-2.6 mm versus
10.2+-5.8 mm, p<0.001).

A key limitation of relying on visual assess-
ment of part-solid nodules is the difficulty
sometimes in establishing the presence or
absence of a solid component (never mind the
size of the solid component) (Fig. 4). Thus,
using computerised texture analysis to predict
invasiveness in subsolid nodules has also
attracted the attention of investigators recently.
Early studies suggest that invasive lesions dem-
onstrate more density heterogeneity than prein-
vasive lesions (as shown by an increase in the
texture parameter known as entropy) (Chae
et al. 2014; Son et al. 2014).

Regardless of the degree of invasion, there is
evidence from screening trials that some subsolid
lesions characterised either as pure ground-glass
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Fig. 4 CT shows amorphous subsolid nodule. This is an
example of a subsolid nodule which is difficult to confi-
dently describe as either pure ground glass or part solid.
The lesion was minimally invasive adenocarcinoma on
histopathology

nodules or part-solid nodules with small solid
components can remain indolent over long peri-
ods of time (5-7 years), suggesting they can be
managed in some scenarios with long-term CT
surveillance depending on patient wishes and co-
morbidities (Scholten et al. 2015; Silva et al.
2012). In this setting, the development of new
solid components, an increase in nodule density
or an increase in the overall size of the lesion
should prompt consideration of further investiga-
tion or resection. An interesting parameter, nod-
ule mass (which is nodule volume multiplied by
mean attenuation), has also been proposed as a
sensitive indicator of changes in nodule charac-
teristics (de Hoop et al. 2010).

An important technical consideration is that CT
imaging of subsolid nodules must be performed
with a slice thickness <3 mm to avoid partial vol-
ume effects causing ground-glass opacities to
appear as solid elements (Lee et al. 2014) (Fig. 5).
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Fig. 5 (a) Axial thin section high-resolution CT shows
part-solid nodule with small central solid component. (b)
(Same nodule) illustrates the impact of thick section

It is also suggested that high-resolution recon-
structions of 1-1.5 mm using a high-frequency
algorithm are used to best identify subtle solid
components in subsolid nodules.

4 Evaluating Pulmonary
Nodules With Dynamic
Contrast CT

The degree of enhancement of pulmonary nod-
ules has been widely investigated as a predictor
of malignancy. A growing malignant nodule
needs its own blood supply which may be medi-
ated by a release of vascular endothelial growth
factor (VEGF) with a corresponding increase in
microscopic vascular density (Yi et al. 2004).
This feature can be exploited by measuring dif-
ferences in vascularity, vessel density and blood
flow patterns on CT following iodinated contrast
(Ohno et al. 2014). Since the mid-1990s, several
studies have focused on the Hounsfield unit (HU)
cut-off value for distinguishing benign from

reconstruction on reliably evaluating subsolid nodules,
producing blurred margins of both the solid and nonsolid
component

malignant pulmonary nodules. Using a dynamic
CT acquisition, usually with 1 min intervals, 15
and 20 HU have been shown to be reliable cut-
offs using single-detector CT, with peak enhance-
ment usually seen at around 2 min (Swensen
et al. 1992; Swensen et al. 1995; Swensen et al.
1996; Zhang and Kono 1997; Jeong et al. 2005;
Swensen et al. 2000; Yamashita et al. 1995).
Swenson and co-workers found that malignant
nodules showed significantly different mean peak
enhancement from benign nodules (46.5 HU,
range 11-100 HU versus 8 HU, range -10-94
HU); with 20 HU as a threshold, this resulted in a
sensitivity of 98% and a specificity of 73%
(Swensen et al. 1996). Interestingly, the results
correlated with the degree of staining for nodule
vascularity at histological analysis. A multicentre
study led by the same author published in 2000
concluded that a simple approach in which the
absence of significant enhancement (<15 HU) at
dynamic CT is strongly predictive of benignity
(sensitivity 98 %, specificity 58 %) (Swensen
et al. 2000).
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Since 2004, dynamic enhancement of pulmo-
nary nodules has been evaluated with multi-
detector CT (Yi et al. 2004; Jeong et al. 2005)
(Ohno et al. 2008). Yi et al. combined dynamic
nodule contrast enhancement at 30 s intervals for
3 min using MDCT with measurement of VEGF
and microvessel density. They found that a cut-
off of 30 HU for net enhancement (peak attenua-
tion in HU — pre-contrast attenuation) resulted in
a sensitivity of 99 % and a specificity of 54 %.
Again, expression of VEGF and microvessel
density was higher in the malignant nodule
group. The reason for the higher observed net
enhancement values compared to earlier studies
is attributed to newer CT techniques, e.g. higher
volume of contrast delivery in a shorter period of
time and high-speed MDCT, allowing multiple
images at shorter time intervals. Other authors
have described dynamic ‘wash-in’ and ‘washout’
indices on the time-attenuation curve (Jeong
et al. 2005) (Ohno et al. 2013) with malignant
nodules showing greater wash-in and washout.
In a retrospective study of 107 nodules, a value
of >25 HU during ‘wash-in’ (defined as the peak
attenuation value in HU — non-contrast baseline
value in HU) and >31 HU during absolute wash-
out (peak attenuation value at 15 min) had the
highest sensitivity, specificity and accuracy for
differentiation between malignant and benign
SPN. In that study, benign nodules also tended to
have longer times to peak attenuation.

A few studies have evaluated dynamic first-
pass perfusion of pulmonary nodules using 64 or
320 row MDCT. This can allow ‘true’ first-pass
perfusion data to be obtained using a large-area
detector that can provide continuous isotropic
scanning with a reduced risk of misregistration,
allowing for simultaneous qualitative and quanti-
tative evaluation (Ohno et al. 2014). These stud-
ies resulted in an incrementally increased
threshold value (likely owing to the increased
speed of such systems) of 30—40 HU providing
sensitivities of 86-91% and specificities of
80-86 % for the detection of malignancy (Li et al.
2010) (Ohno et al. 2011) (Ohno et al. 2013). In
one study, this technique has been shown to have
a higher specificity and accuracy compared to
FDG PET-CT (Ohno et al. 2013).
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5 Published Guidelines for the
Management of Solid and
Subsolid Nodules

Lung nodule management guidelines are pro-
vided by the American College of Chest
Physicians (ACCP) (in 2003, 2007 and 2013)
(Gould et al. 2013; Gould et al. 2007b), by the
Fleischner Society (2005 for solid nodules
(MacMahon et al. 2005) and 2013 for subsolid
nodules (Naidich et al. 2013)) and by the British
Thoracic Society (2015) (Callister et al. 2015),
and readers are directed to these individual docu-
ments for a detailed review of the specific nodule
management algorithms. However, in general
terms, these guidelines share a number of simi-
larities: management recommendations are typi-
cally divided into (i) no action required or (ii) CT
surveillance (with varying frequency and dura-
tion) or (iii) further investigation (e.g. PET/CT or
tissue sampling). In turn these recommendations
are typically based on the following parameters:
(1) nodule size, (ii) nodule growth, (iii) nodule
morphology and (iv) patient risk factors. While
the ACCP guidelines and Fleischner guidelines
for solid nodules predate much of the recent evi-
dence discussed above, the Fleischner guidelines
for subsolid nodules and the British Thoracic
Society Guidelines for nodule management are
able to take into account much of the recent evi-
dence. In particular, the BTS Guidelines advo-
cate certain policies distinct from the earlier
ACCEP and Fleischner guidelines. For example, a
more important role for volumetry in the assess-
ment of nodule size and growth rate and a more
rigorous evaluation of patient risk factors using
risk prediction tools is advocated.
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Abstract

Despite decline in smoking rates, lung cancer remains the leading cause of
cancer-related deaths with an estimated 224,000 new cases in 2014 (Siegel
et al., CA Cancer J Clin 64:9-29, 2014). Tobacco remains the major caus-
ative agent, and as smoking behaviors between men and women have
evolved, the gap in lung cancer between males and females has narrowed
(Thun and Jemal, Tob Control 15:345-347, 2006). Approximately one in
four lung cancers occur in never smokers (Pallis and Syrigos, Crit Rev
Oncol Hematol 88:494-503, 2013). Other environmental risks for lung
cancer include radon, occupational exposure, and air pollution. In addition
to the environmental risks described previously, there does appear to be a
component of both hormonal and genetic susceptibility to lung cancer
development (Pallis and Syrigos, Crit Rev Oncol Hematol 88:494-503,
2013; Matakidou et al., Br J Cancer 93:825-833, 2005).

Following diagnosis, it is imperative to assess prognosis, optimize
treatment, as well as avoid potentially harmful of futile treatments. In
order to accomplish this, one must have knowledge of the tumor stage,
histology, and molecular characteristics. To a great extent, this is accom-
plished using CT and integrated PET/CT. Using these tools, a clinical
stage can be determined, and the most appropriate site for histologic and
molecular diagnosis can be identified which in turn allows for confirma-
tion of pathological stage and planning the most appropriate treatment.

In this chapter, the role of CT in the staging and follow-up of lung can-
cer is discussed.

1 CT Findings of Lung Cancer

J.G. Ravenel, MD

Department of Radiology and Radiological Science, Lung cancers are grouped based on histologic
Medical University of South Carolina . . .

’ subtypes with the most common histologies
96 Jonathan Lucas St MSC 323, WP , £le
Charleston. SC 29425. USA being adenocarcinoma, squamous cell carci-
e-mail: ravenejg @musc.edu noma, large cell carcinoma (sometimes grouped
© Springer International Publishing 2016 195

U.J. Schoepf, F.G. Meinel (eds.), Multidetector-Row CT of the Thorax, Medical Radiology,
DOI 10.1007/978-3-319-30355-0_11


mailto:ravenejg@musc.edu

196

J.G. Ravenel

Fig. 1 Central right upper lobe neoplasm resulting in
right upper lobe anterior segmental atelectasis
(arrowheads)

as non-small cell carcinoma), and small cell
carcinoma. In addition, molecular markers are
becoming of great significance in determining
whether specific targeted treatment agents are
appropriate. Biopsy specimens must provide suf-
ficient tissue to determine cancer subtype as well
as stain for a battery of molecular markers.

Lung cancers may be divided loosely into cen-
tral and peripheral tumors, with central lesions
slightly more common. Central tumors may be
more difficult to discretely measure as they can
result in post-obstructive atelectasis and/or pneu-
monitis (Fig. 1). Clues to the presence of a central
tumor when one cannot be discretely visualized
include convex contour of the fissure near the
hilum, volume expansion of a consolidated lobe,
and visible mucus bronchograms (Woodring
1988). Peripheral lung cancers arise distal to the
segmental bronchi and are often characterized as
a nodule or mass with lobulated and/or spiculated
borders (Fig. 2). Calcification is unusual and may
result from an engulfed calcified granuloma or
dystrophic calcification (Zerhouni et al. 1986).
Cavitation when identified is often associated
with an eccentrically thick, irregular wall.

On occasion, CT will provide clues that suggest
a particular histologic subtype. For example, a cavi-
tary lung cancer favors a diagnosis of squamous cell

(. €

Fig.2 Peripheral lung cancer (arrow)

o,

Fig. 3 Squamous cell carcinoma. Axial image reveals
cavitary mass in left upper lobe

carcinoma (Fig. 3). Nodules that have a ground
glass component are most often adenocarcinoma
(Aquino et al. 2007). Moreover, the extent of ground
glass opacity is generally related to the aggressive-
ness of the lesion. The greater the extent of ground
glass opacity, the more indolent the lesion (Aoki
et al. 2000, 2001; Kim et al. 2001; Kuriyama et al.
1999). When neoplastic, pure ground glass nodules
are typically atypical adenomatous hyperplasia or
in situ adenocarcinoma (Nakata et al. 2002).
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Fig.4 Adenocarcinoma. Axial (a) and coronal (b) images of part-solid nodule with bubble-like lucencies in the ground

glass component

The spectrum of low-grade adenocarcinoma is
complex often requiring resection of the entire
lesion to exclude an invasive component (Travis
et al. 2005). When targeting lesion for biopsy, it is
critical to sample the solid core which is most likely
to harbor invasive tumors. Nodules may have a vari-
ety of appearances including lobulated or spiculated
borders, pleural tags, air bronchograms, and inter-
nal lucencies (pseudocavitation) (Patsios et al.
2007) (Fig. 4). The ground glass opacity histologi-
cally reflects the lepidic tumor growth with or with-
out alveolar collapse (Lee et al. 2004), while the
lucencies presumably reflect either uninvolved lob-
ules or focal air trapping with bronchiolar obstruc-
tion (Gaeta et al. 1999; Weisbrod et al. 1992). While
a solid component may simply reflect alveolar col-
lapse, it is more likely to represent areas of fibro-
blast proliferation or invasive adenocarcinoma
(Gandara et al. 2006). On rare occasions, tumor
growth may occur purely as lepidic growth and
present as multifocal air-space disease (Fig. 5).

2 NSCLC Staging

CT is the initial means for anatomic staging
including detection of mediastinal disease and
limited detection of extrathoracic disease. Rather

Fig. 5 Lepidic growth pattern. Axial CT image reveals
mixed ground glass opacity and interlobular septal thick-
ening in right middle and lower lobes

than being truly diagnostic, CT also sets the stage
for determining the most appropriate sites for
biopsy, preferably choosing a site that can encom-
pass not only the diagnosis but also confirm high-
est stage of disease. Staging is generally
completed by performing PET/CT with MR or
CT of the brain when necessary.

Staging is categorized by the TNM system,
which is accepted by the American Joint
Committee on Cancer (AJCC) (Mountain 1997).
Components of tumor staging include the primary
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Table 1 Staging of lung cancer-TNM descriptors

Primary lesion
TO — no evidence of primary tumor
Tis — carcinoma in situ

T1 — tumor <3 cm surrounded by lung or visceral
pleura without invasion proximal to lobar bronchus

la-<2 cm
1b->2-3 cm

T2 — tumors >3 cm; any tumor invading main bronchi
but >2 cm from the carina; invasion of visceral pleura;
obstructive pneumonitis extending to hila but does not
involve the entire lung

2a->3-5cm
2b- >5-7 cm

T3 — tumor>7 cm. Tumor of any size that directly
invades chest wall, diaphragm, mediastinal pleura, or
parietal pericardium; involves main bronchus within
2 cm of the carina, but does not involve the carina; or
results in obstructive atelectasis or pneumonitis of the
entire lung. Separate nodule (s) in same lobe

T4 — tumor invades any of the following: the
mediastinum, heart great vessels, trachea, esophagus,
vertebral body, or carina; malignant ipsilateral pleural
or pericardial effusion; separate nodule(s) in a
different ipsilateral lobe

Lymph nodes
NO — no regional lymph node metastases
N1 — spread to ipsilateral peribronchial or hilar nodes

N2 — spread to ipsilateral mediastinal or subcarinal
nodes

N3 — spread to contralateral mediastinal or hilar nodes,
scalene nodes, and supraclavicular nodes

Distant disease
MO - no distant metastases
M1 - distant metastases present

M1a — separate tumor nodule in contralateral lung,
pleural nodules, and malignant pleural or pericardial
effusion

M1b - all other distant metastasis

lesion (T), lymph node involvement (N), and
metastatic disease (M) (Tables 1 and 2).

2.1 T-Stage

T-stage is based upon size and local extension of
the primary lesion. The use of intravenous (IV)
contrast can be useful in showing the relationship
to vascular structures but does not show clear
superiority in staging (Cascade et al. 1998;

J.G. Ravenel

Table 2 Staging of lung cancer based on TNM
classification
0 — carcinoma in situ
1A - TINOM