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Preface

X-ray computed tomography (CT) which was introduced to medicine in the
early 1970s brought slice imaging into wide use for the first time and repre-
sented its breakthrough. Today, CT is an essential part of radiological diag-
nostics and can be seen as a mature and clinically accepted procedure. It has
supplemented or replaced classical x-ray imaging in many areas and has pro-
vided many valuable new applications.

A rapid technical development phase in the seventies was followed by an
uneventful phase with no essential highlights in the eighties. This was partly
caused by the expectation that the importance of CT would decrease succes-
sively due to the introduction of magnetic resonance (MR) tomography.
Contrary to these expectations, CT started a phase of rapid technical devel-
opment and again broadening its application spectrum in the nineties: The
development of spiral CT and the transition from scanning single slices to
the rapid scanning of complete volumes made CT attractive again and has
led to decisive developments in technical and in clinical perspectives such as
rotation times in the subsecond range and multi-row detector systems. The
introduction of even wider detector systems, of dual source CT (DSCT)
technology and dual energy scanning augmented these developments further
and constituted the high points in the 2000s.

The present book is intended to describe technical and physical aspects of
computed tomography, from sequential single-slice scanning to volume
scanning by cone-beam spiral CT (MSCT). The fundamentals of CT are
described in detail in the first chapter for “CT novices” in an illustrative
manner. Readers familiar with this material may skip this chapter or refresh
their knowledge by following the figures. Mathematical principles which are
not required for the understanding of the following chapters are summarized
as an appendix in chapter 9. 

In addition to the necessary CT basics, the most recent developments and
future-oriented considerations are presented in depth in chapters 2 to 4.
Chapter 2 is dedicated to technical concepts in CT and the corresponding
apparatus and scan modes, chapter 3 to spiral CT and chapter 4 to image qual-
ity considerations. The focus is always on problems relevant to the user of CT
equipment. In particular, this includes the potential and the results of the new-
est technology and the corresponding scan and reconstruction options. The
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Preface
routine availability of high isotropic resolution in all three dimensions is the
eminent result. In view of the high topical interest, DSCT technology, perfor-
mance and respective applications are addressed in detail in several sections.
Sub-second high-pitch sub-mSv spiral CT scanning of the heart certainly is
one of the highlights.

In view of the importance of radiation protection, questions regarding dose
and possibilities for patient dose reduction are discussed separately in depth
in chapter 5. The possibilities for dose reduction are emphasized, and con-
cepts such as tube current modulation and an automatic exposure control for
CT are explained. Such measures to reduce dose and to offer information on
actual organ dose values should free CT from the generally held misconcep-
tion of being a “high dose modality”. Effective dose values for typical CT
examinations are on the order of magnitude of the natural background radia-
tion per year as will be pointed out in detail.

2D and 3D approaches to display, to visualize and to diagnose CT images are
explained in chapter 6. Interactive approaches continuously gaining impor-
tance for the data volumes encountered today are also illustrated by exam-
ples and offered on the DVD. In chapter 7, some fundamental remarks on
and clinical examples for special applications follow with CT imaging of the
heart and dual energy CT as two prominent examples being described in
detail.

Chapter 8 offers an assessment of the prospects for future developments in
CT. Technology, in particular potential detector developments, and applica-
tions are addressed. Dedicated CT of the breast, a new application to which
the author assigns great potential, will serve as an example for this discus-
sion. I hope that some of the predictions will prove to be true in the foresee-
able future. I also hope that surprising new developments will arise that are
not expected today. After all, CT is alive!

The material in this book is supported by image examples, video clips and
the possibility of interactive exercises for image display and processing on
the enclosed DVD. The respective supplements are indicated in the text.
Example images for most body regions and some volume data sets can be
loaded, windowed, magnified and viewed interactively. For “novices” –
such as students or colleagues working in other fields who do not have easy
access to a CT scanner or to CT data – this offers the possibility to familiar-
ize themselves with results of CT imaging under realistic conditions. To
appreciate all details in some of the figures showing clinical examples, it
may be of help to look them up on the DVD. The DVD includes all figures
of this book in digital form, i.e. in full quality. The feedback on the previous
editions was very positive with many inquiries if the figures are free for use
in your own presentations, teaching materials or else. That is exactly the
6



Preface
intention. For inclusion in published materials the publisher demands that
you reference the book as the source of the material.

The book is addressed to a wide interdisciplinary readership in an effort to
explain both the fundamentals and applications of CT. Consequently, the
focus is on physics and technology, whereas radiological aspects are
addressed only marginally. There is no requirement for special prior knowl-
edge. Important CT terms are assembled in the glossary and defined briefly.
With respect to detail problems or questions, relevant literature is refer-
enced. There is no claim or effort though to provide a complete bibliography
in order to keep this textbook self-explanatory as much as is possible.
Whether the stated goals have been achieved remains open to the judgement
of the reader. The author is open to suggestions, comments and criticism at
any time and hopes that this 3rd edition of the textbook will meet with similar
approval as the first two.

Have fun reading about computed tomography.

Erlangen, March 2011 Willi Kalender 
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Historical Overview

“If we give free rein to our fantasy and imagine perfecting the new pho-
tographic process with the aid of Crookes’ tube until one part of the
soft-tissue structures of the human body remains transparent and a
layer located underneath can be imaged on the plate, this would be of
invaluable assistance in diagnosing innumerable diseases not directly
associated with bone structures.”

Translation of an excerpt from the “Frankfurter Zeitung”, January 7, 1896.

Ideas and concepts for tomographic imaging with x-rays were developed
early. The unknown author of the above article appearing in the feature sup-
plement of the “Frankfurter Zeitung” expressed truly prophetic thoughts
only a few days after the first reports were published on Roentgen’s discov-
ery of x-rays and prior to their first medical use. We do not know what the
author had in mind when he conceived the possibility of displaying “... the
soft tissue structures ... and a layer located underneath ...”. It was certainly
not computed tomography as we know it today. Perhaps he wished to obtain
a view similar to that with an anatomical preparation after superimposed lay-
ers of tissue have been removed. His assessment that “.... this would be of
invaluable assistance in diagnosing innumerable diseases not directly associ-
ated with bone structures” was in any case correct. One should, however,
avoid over-interpretation of this quotation; the development of tomography,
modern methods of reconstructing digital images, and today’s powerful
computers were as yet undreamed of.

Computed tomography (CT) first became feasible with the development of
modern computer technology in the sixties, but some of the ideas on which it
is based can be traced back to the first half of this century. In 1917 the Bohe-
mian mathematician J.H. Radon [Radon, 1917] proved in a research paper of
fundamental importance that the distribution of a material or material prop-
erty in an object layer can be calculated if the integral values along any num-
ber of lines passing through the same layer are known. The first applications
of this theory were developed for radioastronomy by Bracewell in 1956
[Bracewell, 1956], but they met with little response and were not exploited
for medical purposes.
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Historical Overview
The first experiments on medical applications of this type of reconstructive
tomography were carried out by the physicist A.M. Cormack, who worked
on improving radiotherapy planning at Groote Schuur Hospital, Cape Town,
South Africa. Between 1957 and 1963, and without knowledge of previous
studies, he developed a method of calculating radiation absorption distribu-
tions in the human body based on transmission measurements [Cormack,
1963]. He postulated for radiological applications that it must be possible to
display even the most minute absorption differences, i.e. different soft-tissue
structures. However, he never had occasion to put his theory into practice
and first learned of Radon’s work much later, a fact that he regretted by stat-
ing that earlier access to this knowledge would have saved him a lot of work.
While familiarizing himself with Radon’s work, Cormack discovered that
Radon had himself been unaware of even earlier work on the subject by the
Dutch physicist H.A. Lorentz, who had already proposed a solution of the
mathematical problem for the 3D case in 1905 [Cormack, 1992].

A successful practical implementation of this theory was first achieved in
1972 by the English engineer G.N. Hounsfield, who is now generally recog-
nized as the inventor of computed tomography [Hounsfield, 1973]. Like his
predecessors, Hounsfield worked without knowledge of the above-men-

Figure 1
Godfrey N. Hounsfield, the English engineer who developed the first CT scanner 
and received the Nobel Prize in medicine in 1979 together with the physicist 
A.M. Cormack.
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Historical Overview
tioned earlier findings. His success took the entire medical world by sur-
prise, and he achieved his remarkable breakthrough neither at a renowned
university nor with a leading manufacturer of radiological equipment, but
with the British firm EMI Ltd. His invention gave EMI, which had until then
manufactured only records and electronic components, a monopoly in the
CT market that lasted for 2 years, and the terms “EMI Scanner” and “CT
Scanner” became almost synonymous. In 1974 Siemens became the first tra-
ditional manufacturer of radiological equipment to market a head CT Scan-
ner, after which many other companies quickly followed suit. A boom fol-
lowed, reaching its peak in the late seventies with 18 companies offering CT
equipment. Most of these, including EMI, have withdrawn from the market
by now.

Table 1 Historical overview: the development of CT

1895 W.C. Roentgen discovers “a new kind of rays”, later referred to as 
“X-rays” or ‘roentgen rays’ in his honor. 

1917 J. H. Radon develops the mathematical foundation for reconstructing 
cross-sectional images from transmission measurements [Radon, 1917]. 

1963 A.M. Cormack describes a technique for calculating the absorption 
distribution in the human body [Cormack, 1963].

1972 G.N. Hounsfield and J. Ambrose conduct the first clinical CT 
examinations [Hounsfield, 1973].

1974 60 clinical CT installations (head scanners).

1975 First whole-body CT scanner in clinical use.

1979 Hounsfield and Cormack awarded the Nobel Prize.

1989 W.A. Kalender and P. Vock conduct the first clinical examinations with 
spiral CT [Kalender, 1989; Kalender, 1990b].

1998 Introduction of multi-slice scanners (four slices).

2000 Introduction of combined PET/CT systems.

2001 Introduction of 16-slice scanners.

2004 Introduction of 64-slice scanners.

2006 Introduction of dual-source CT.

2010 More than 50,000 clinical CT installations (whole body scanners) 
worldwide.
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Historical Overview
The first clinical CT images were produced at the Atkinson Morley Hospital
in London in 1972. The very first patient examination performed with CT
offered convincing proof of the effectiveness of the method by detecting a
cystic frontal lobe tumor. CT was immediately and enthusiastically wel-
comed by the medical community and has often been referred to as the most
important invention in diagnostic radiology since the discovery of x-rays; its
later development only confirmed these early expectations. Computed
tomography has become a very important factor in radiological diagnosis.
While only 60 EMI scanners had been installed by 1974, there were more
than 10,000 devices in use in 1980, including a high number of head scan-
ners. In 1979 Hounsfield and Cormack, an engineer and a physicist, were
awarded the Nobel Prize for medicine in recognition of their outstanding
achievements.

At this point, the development seemed to have reached its peak, and the
eighties saw scarcely any technological progress. The introduction of spiral
CT in 1989 [Kalender, 1990b] and the following developments in x-ray,
detector and scanner technology have led to a renewal of interest in clinical
applications. For the year 2010, the number of clinical installations in opera-
tion is estimated to be above 50,000, almost exclusively whole-body scan-
ners. The upward trend is unbroken for the time being, and the position of
CT is consolidated despite further developments in other radiological meth-
ods.
17



1 Principles of Computed Tomography

1.1 General Considerations on Slice Imaging

CT was the first widely used radiological imaging modality which exclu-
sively provided computed digital images instead of the well known directly
acquired analog images. And it offered images of single discrete slices
instead of superposition images of complete body sections. The two charac-
teristics “digital” and “volume representation by single slices”, which were
new at the time, are in the meantime familiar and are also associated with
other slice imaging modalities such as ultrasound, magnetic resonance
tomography (MRT) and positron emission tomography (PET). Are there any
limitations or disadvantages associated with these two characteristics? What
advantages do they offer? In the section following below a short discussion
of the principal considerations is offered for the interested reader. It will be
shown that the characteristics “digital” and “volume representation by single
slices” are hardly noticeable these days and that contrast which is defined
locally for slice images constitutes the decisive principal difference com-
pared with conventional x-ray imaging. Readers familiar with medical imag-
ing in general and with CT may possibly glance over the figures only or
immediately continue with section 1.2 or chapter 2, respectively.

1.1.1 Computed Tomography – a Digital Modality

We have been familiar with radiographs, i.e. imaging of parts of the human
body by means of x-rays and film, for more than a century now. Anatomy is
presented on the analog medium film as a continuum with almost arbitrary
fine transitions, similar in this respect to photographic pictures on film. The
human eye does not recognize any steps in intensity or discrete picture ele-
ments. Intuitively one assumes that arbitrarily fine gradations of gray levels
and continuous transitions for contours are given. The situation is similar to
the hearing process: the human ear subjectively perceives a continuous fre-
quency spectrum when listening to music or arbitrary natural sounds. In both
cases – in visual and in auditory perception – analog recordings are classi-
fied as “arbitrarily fine”, while digital is often associated with “coarse or dis-
crete sampling”.
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1.1 General Considerations on Slice Imaging
Today we have come to recognize and accept – and with respect to the exam-
ple of audio records, even most admirers of good old analog records do so as
well – that the same high recording and perception quality can be made
available with digital media. For CT, this was definitely not the case in the
early days.

For an understanding of computed tomography it may be helpful to view the
human body as built up of a finite number of discrete slices and volume ele-
ments. Each single scan aims to determine the composition of one transverse
cross-section. This respective slice or section can be imagined in turn as
composed of discrete cubic volume elements (figure 1.1). The value attached
to each volume element is displayed in one picture element of the digital
image matrix. For volume elements we often use the acronym “voxel”, and
for picture elements the term “pixel”.

In principle, a slice image can be generated in arbitrary orientation. For CT,
however, mostly a transverse plane here labeled as the x /y-plane is scanned
directly. The z-axis, oriented perpendicular to the scan and image plane, is
thereby aligned along the axis of rotation of the scanning system and thus
approximately parallel to the body’s longitudinal axis (figure 1.1). Sagittal
body sections are approximated by y /z-planes, and coronal sections by
x /z-planes.

The edge lengths of a voxel in this coordinate system are determined by the
pixel size, resulting from the selected matrix size and field of view (see sec-
tion ), and the slice thickness S. For coarse matrices, a chess-board-like
impression may result. This was in fact the case for early CT images which

Figure 1.1
Computed tomography – perception in slices. CT provides transverse slice images 
of the human body in digital form. A coordinate system then results which basically 
conforms to the anatomical main axes and planes.
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1 Principles of Computed Tomography
were reconstructed, fully adequate for the low spatial resolution at that time,
with an 80 × 80 matrix (figure 1.2a). The impression is disturbing, however;
the quality of such a digital image is obviously still limited. Multi-planar
representations in planes perpendicular to the scan plane also exhibit a
coarse appearance depending on the slice thickness (figure 1.2b). These lim-
itations in image quality are not of a fundamental nature; they result from
limitations in the techniques used.

The chapters following below will further illustrate that the question “analog
or digital?” does not bear high relevance for CT imaging anymore, as it was

Figure 1.2
Analog or digital images? Continuous imaging of anatomy or scanning of single slices? 
In early CT images, here a brain scan produced in 1974 with an 80 × 80 image matrix 
(a), the computed discrete picture elements are clearly visible, just as the steps in the sec-
ondary reconstructions generated from single scans taken with a spacing of 13 mm (b). 
For volume scans obtained in spiral scanning mode and reconstruction of finer matrices 
(c) picture elements cannot be discerned from analog images anymore; they can also be 
viewed in the third dimension quasi-continuously (d).
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1.1 General Considerations on Slice Imaging
the case in the early days of CT (figure 1.2a,b). Matrix sizes and spatial res-
olution for the imaged slice have reached values which hardly allow a differ-
entiation – no matter whether the image has been generated quasi in an ana-
log manner or built up from discrete picture elements (figure 1.2c). The
image remains digital in nature of course; pixels can be made visible by high
magnification of any arbitrary image. This can be verified by a simple exer-
cise using the magnify function in the evaluation software on the enclosed
DVD.

Only for the third dimension, along the z-axis in our coordinate system, can
the effects of low spatial resolution and large slice thickness often still be
recognized. Choosing thin slice widths and overlapping image reconstruc-
tion for spiral CT or multi-slice spiral CT scans meanwhile provides the
quality of analog images to a good approximation (figure 1.2d). Digital
images with their computed discrete picture elements, which have come into
broad use in radiology through CT, do not entail any disadvantages.

1.1.2 Why Do Slice Images Offer Higher Contrast?

Conventional film radiography offered a valuable non-invasive means of
diagnosis for many decades. Its limitations were and are severe, however;
we are increasingly less aware of these due to the availability of alternative
procedures. Imaging the brain by radiographs, for example, yields insuffi-
cient results in most cases. Roentgenologists tried to solve this dilemma by
various measures, for example by using contrast media such as air in pneu-
moencephalography. In spite of the high efforts and the great discomfort to
the patient these procedures only yielded very limited additional informa-
tion. Computed tomography for the first time offered the possibility to image
brain structures in diagnostic quality with high contrast (figure ). How is this
achieved? Several radiological text books offered the explanation that the
high contrast of CT images is due to the higher dose. This explanation is
wrong. Although both radiography and CT use x-rays, CT images display a
quantity different from that in radiographs.

The principle of radiography is to record the radiation which is emitted from
the focus of an x-ray tube and attenuated by the object to be examined with a
detector, traditionally by film. Thus, a conventional radiograph presents the
modulated distribution of radiation intensity and always offers a superposi-
tion image: all structures along the rays from x-ray focus to detector, i.e. all
volume elements passed by any ray, contribute to the attenuation of the radi-
ation intensity. Each picture element displays the sum of all contributions to
attenuation or, mathematically speaking, the integral of the attenuation com-
ponents along a line. We will return to these “line integrals” again when dis-
cussing the principle of computed tomography in the next section.
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1.2 Basic Principles of CT
Image contrast is defined by the difference in intensity of two neighboring
picture elements or regions. This definition holds true in the same way for
conventional radiographs and for CT images. Contrast in radiographs is
dominated by structures with high attenuation such as bone and contrast
media or by differences in object thickness. Contributions from structures
with low attenuation, typically soft tissue structures, are thereby completely
hidden in most practical cases. This fundamental problem in conventional
imaging cannot be eliminated. Even the introduction of improved detector
systems or digital data processing or an increase of dose will not alter the sit-
uation.

For slice images contrast is given directly by the attenuation values of neigh-
boring volume elements or subvolumes and not by line integrals represent-
ing a path through the complete object. Contrast is determined locally by the
composition of the tissues, while neighboring or superimposed structures
have no or only very little influence. Arbitrarily small differences in the den-
sity or the composition of tissues can therefore be rendered with sufficient
contrast as a matter of principle. This statement is true for all slice imaging
modalities. This decisive advantage of slice imaging, illustrated in an exem-
plary fashion in figure c, led to the immediate breakthrough of CT with its
introduction in the year 1972.

1.2 Basic Principles of CT

In general terms, the principle of computed tomography consists of measur-
ing the spatial distribution of a physical quantity to be examined from differ-
ent directions and to compute superposition-free images from these data.
This abstract principle will be illustrated for sequential CT, i.e. the scanning
of single slices, in an illustrative way by answering the questions following
below. The underlying mathematical foundations will be left out as much as

Figure 1.3
Why does CT offer higher contrast? a) CT images display the attenuation resulting 
from each volume element directly assigned to the respective single picture element. 
Accordingly, contrast in CT is defined by local differences in attenuation and the 
lesion is easily recognized. b) Projection images, in this case the conventional radio-
graph of the skull, render the sum of all signal contributions along a ray from the x-
ray source to each picture element. In such a superposition image, only structures 
can be recognized which exhibit very high differences in attenuation with respect to 
their surroundings. c) The high contrast offered by CT images – here illustrated by 
way of numbers as an arbitrary example only – is due to the imaging principle and 
not due to radiation dose or scan parameters.

B
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1 Principles of Computed Tomography
possible. A short description of these is offered in chapter 9.2; detailed elab-
orations are found in the literature, for example in [Brooks, 1976a; Scudder,
1978; Morneburg, 1995].

1.2.1 What Do We Measure in CT?

For survey radiographs, the relative distribution of the x-ray intensity is
recorded; i.e. for classical radiographs only the gray value pattern is utilized
to derive a diagnosis. In CT, the intensity of x-rays is also recorded behind
the object. In addition to the intensity I attenuated by the object, the primary
intensity I0 has to be measured in CT to calculate the attenuation value along
each ray from source to detector. The respective formula and some simple
cases are illustrated in figure 1.4.

The simplest case is given by a measurement of a homogeneous object with
monochromatic radiation (figure 1.4, case 1); this case does not necessarily
demand tomographic imaging, but it is familiar to us from many different
measurement procedures. The intensity falls off exponentially with absorber
thickness. Attenuation, defined as the natural logarithm of the ratio of pri-
mary intensity to attenuated intensity, is given in this case in a simple man-
ner as the product of the linear attenuation coefficient µ and the absorber
thickness d. If the absorber thickness is known µ can be determined directly.
The distribution of µ along the ray path remains unknown, however.

Case 2 in figure 1.4, representing a simple inhomogeneous object, is of
greater interest. The contribution to total attenuation resulting from each ray
path interval depends on the local value of the attenuation coefficient µi.
Summation over the path intervals, even for simply structured objects, has to
be carried out in general with small increments di and therefore can be
expressed as the integral over µ along the ray path. CT consists of measuring
many such line integrals exactly. Radon showed in his early work [Radon,
1917] that the two-dimensional distribution of an object characteristic can be
determined exactly if an infinite number of line integrals is given. A finite
number of measurements of the distribution of the attenuation coefficient
µ(x,y) is sufficient to compute an image to a good approximation. A single
measurement only, as given in projection radiography, will not allow us to
solve for µi in case 2 or for the distribution µ(x,y) in general.

Figure 1.4  
What do we measure in CT? The intensity I of radiation. The attenuation value, i.e. 
the projection value P, results and thus, in the simplest case, the attenuation coeffi-
cient µ (case 1). For inhomogeneous objects tomographic imaging is necessary to 
determine the distribution µ(x,y).

B
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1 Principles of Computed Tomography
Before explaining how the measurement has to be carried out and how an
image can be computed it must be said that the linear attenuation coefficient
may depend strongly on energy. In measuring intensities – and this is done
automatically in today’s CT systems – we also integrate over all energy
intervals as illustrated for case 3 of figure 1.4. The dependence on energy
may yield problems, above all beam hardening effects, which will be dis-
cussed in chapter 4. However, this can also be used to advantage in dual
energy methods for material-selective measurements. If we also consider a
potential dependence of attenuation on time, the measured quantity in CT,
the linear attenuation coefficient is given as µ(x,y,z,E,t). A dependence of µ
on time can be generated by the administration of contrast media or be given
by physiology, for example in lung tissue as a function of inspiratory vol-
ume. In the following sections we will focus on the simple case of measuring
and computing µ(x,y) only for a given slice position z.

1.2.2 How Do We Measure an Object in CT?

To be able to compute an image in acceptable quality following Radon’s the-
ory, a sufficiently high number of attenuation line integrals or projection val-
ues have to be recorded. It is necessary to carry out measurements in all
directions, i.e. at least over an angular range of 180°, and to determine many
narrowly spaced data points for each projection.

A simple measurement setup fulfilling this purpose is sketched in figure 1.5.
A radiation source with adequate collimation emits a pencil beam and the
intensity, attenuated by the object, is registered by the detector placed oppo-
site. For a given angular position, this setup of radiation source and detector
is moved linearly (translation), and the intensity is measured either at single
discrete points or continuously. This results in an intensity profile recorded
for parallel rays. By determining the ratios of the primary intensity recorded
in the periphery and the attenuated intensities recorded behind the object and
taking their logarithms, an attenuation profile results which is generally
termed a projection. Projections are measured successively for successive
angular positions. The complete set of projections, here determined in paral-
lel ray geometry over 180°, is then transferred to the data processing unit.
Exactly this procedure was used in the first clinical CT scanners, with 180
projections taken in 1° angular intervals (stepwise rotation) with 160 data
points measured per projection.

CT scanners today measure typically in fan-beam geometry over an angular
range of 360°. The extension to 360° resulted from several considerations,
initially focussing on image quality and better data sampling. By proper geo-
metrical alignment of the detector, the quarter detector offset, overlapping
sampling is achieved (see section 2.2.1). Practical considerations also
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1.2 Basic Principles of CT
demand 360° scanning; for spiral CT in particular, this is a prerequisite.
Modern CT scanners typically measure 800-1,500 projections with 600-
1,200 data points per projection.

1.2.3 How Do We Compute a CT Image?

Information on the as yet unknown distribution µ(x,y) of attenuation coeffi-
cients is only given in form of a set of projection values, which is also
termed the “Radon transform” of the image. An inverse transformation has
to be carried out to determine µ(x,y). Different procedures are available to do
this. The most easily understood approach to solve this problem is the fol-
lowing: N2 unknown values, the N ´ N pixel values of the matrix, have to be
computed by solving Nx independent equations, the measured projections. If
Nx, the product of the number of projections NP times the number of data
points per projection ND, is larger than or equal to N2 this is possible.

In the simplest case of an image matrix with only four pixels (2 × 2 matrix)
two measurements for two projections will yield a system of four equations
and four unknowns which can be solved easily (figure 1.6). The extension to
a 3 × 3 matrix with nine unknowns can also be solved easily with twelve
measured values given as assumed in this schematic representation. These
so-called algebraic reconstruction techniques (ART) were actually used in
the early days of CT, as for example in computing the image in figure 1.2a as
a 80 × 80 matrix. The image was computed in an iterative fashion, i.e. by

Figure 1.5
How do we measure an object in CT? In the simplest case x-ray intensities and 
therefore object attenuation will be measured with a pencil beam for many different 
angular positions.
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1 Principles of Computed Tomography
repeating the calculation in an effort to improve accuracy with each step. For
larger data volumes, finer image matrices and the higher demand on image
quality ART approaches led to unacceptably high computation times.

In today’s CT scanners the so-called convolution-backprojection procedure
is usually utilized. This is illustrated in figure 1.7. The respective consider-
ations are illustrated additionally by video clips on the DVD which demon-
strate the process of image formation in CT. The starting point is always an
empty image matrix, i.e. a defined range of computer memory which con-
tains only zeros as starting values. For simple backprojection each projection
value is added to all the picture elements in the computer memory along the
direction in which it has been measured. (It is possible to reconstruct only a
part of the object as a zoom reconstruction. This may improve spatial resolu-
tion, as will be discussed in section 4.1.3.) In general, each detail in the
object and represented in the attenuation profile does not only contribute to
the pixel value at the desired image point, but to the entire image as well.
Even when considering only three projections it becomes apparent that an
unsharp image will result. For the very simple object in figure 1.7, the origin
of the single image detail is easily recognized, since the image intensity is
highest here. The display is unsatisfactory, however, as can be seen in figure

Figure 1.6
How do we compute a CT image? Algebraic procedures are the most easily comprehen-
sible approach to image reconstruction. The N2 unknown values of an N × N image 
matrix can be determined by solving a system of linear equations. For larger matrices 
this has to be done iteratively.

Figure 1.7  
Image reconstructions in CT by convolution and backprojection. Direct backprojec-
tion of attenuation profiles results in unsharp images. Convolution of attenuation 
profiles before backprojection, essentially a high pass filtering, counteracts this 
unsharpening. (See also the video clips on the DVD)

B
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1.7 at the lower left, which represents the result for the chosen object in an
actual measurement and reconstruction. The far-reaching signal contribu-
tions due to the backprojection process lead to an unsharp image, which is
insufficient for the diagnosis of complex structures.

To avoid this unsharpening each projection has to be convolved before back-
projection with a mathematical function, the convolution kernel. This consti-
tutes a pointwise multiplication of the convolution kernel and the attenuation
profile and addition of the resulting values (for mathematical definitions see
chapter 9.2). In essence, this represents a high pass filtering procedure which
generates over- and undershoots at object boundaries. For a positive signal,
negative undershoots are generated. These negative contributions will even
out the far-reaching positive signal contributions outside each object detail
due to the backprojection procedure (figure 1.7 lower right). Convolution
additionally offers the possibility to influence image characteristics by the
choice and design of the convolution kernel – from soft or smoothing to
sharp or edge enhancing (figure 1.8). A relatively weak highpass filter
reduces spatial resolution as well as image noise, a strong high pass filter has
the opposite effect, as will be discussed further in chapter 4.

Fourier methods offer a further procedure for image reconstruction which is
mathematically equivalent to the convolution-backprojection approach.

Figure 1.8
Image characteristics can be influenced by the choice of the convolution kernel, 
whereby increasing spatial resolution or edge enhancement also means increasing 
image noise.
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1.2 Basic Principles of CT
Convolution and backprojection can be considered the method of choice for
CT image reconstruction until today. The iterative ART approach described
above was not considered for practical use in CT for the last three decades,
but this may gain in importance in the future as faster and less costly com-
puter components become available. IRIS, ASIR, MBIR and other
approaches have become hot topics with the “IR” in their names indicating
“iterative reconstruction”. The underlying principles are reviewed briefly in
chapter 8 with application examples shown.

1.2.4 What Is Displayed in CT Images?

As explained above, CT measures and computes the spatial distribution of
the linear attenuation coefficient µ(x,y). However, the physical quantity µ is
not very descriptive and is strongly dependent on the spectral energy used. A
display of µ would make quantitative statements cumbersome; a direct com-
parison of images obtained on scanners with different voltages and filtration
would be limited. Therefore, the computed attenuation coefficient is dis-
played as a so-called CT value relative to the attenuation of water (figure
1.9). In honor of the inventor of CT, CT values, often also referred to as CT
numbers, are specified in Hounsfield units (HU). For an arbitrary tissue T
with attenuation coefficient µT the CT value is defined as

On this scale, water and consequently each water-equivalent tissue with
µT = µwater, has the value 0 HU by definition. Air corresponds to a CT value
of –1000 HU, since µT = µair is equal to zero to a good approximation. The
CT values of water and air are independent of the energy of the x-rays and
therefore constitute the fixed points for the CT value scale.

Lung tissue and fat exhibit negative CT values due to their lower density and
the resulting lower attenuation (µlung < µwater). Most other body areas exhibit
positive CT values, due to the physical density of muscle, connective tissues
and most soft tissue organs. For bone and calcifications the higher effective
atomic number of calcium, in addition to increased density, is responsible for
increased attenuation and therefore for higher CT values of typically up to
2000 HU. CT values of bone or contrast media are more strongly dependent
on x-ray energy than water and increase with reduced high voltage settings,
which conforms to the contrast behavior in conventional radiographs in prin-
ciple.

The Hounsfield scale has no upper limit. For medical scanners a range from
–1024 HU to +3071 HU is typically provided. Consequently, 4096 (= 212)
different values are available and 12 bits per pixel are required. Image recon-

(1.1)CT value μT μwater–( ) μwater⁄ 1000 HU⋅=
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1 Principles of Computed Tomography
struction with an extended scale, which is of particular interest for industrial
applications, can also be of value in special medical applications. Imaging
bone and measuring its density and structure in the vicinity of metallic endo-
prostheses constitutes one example.

Windowing

The CT value range from –1024 HU to +3071 HU, i.e. 4096 gray levels, can-
not be evaluated or differentiated in a single view, neither on a monitor nor
by documentation on film. Human observers can typically discern up to a
maximum of 60 to 80 gray levels. Therefore, the complete gray scale is
assigned to the CT value interval of interest only, the so-called window; val-
ues above the chosen window will be displayed as white, and the values
below the window as black. This procedure, the so-called windowing, is car-
ried out on the CT console interactively and without time delay. To choose
the desired CT value interval only the center and the width of the window
have to be adjusted by mouse, potentiometer or a similar device. The center
is chosen corresponding approximately to the mean CT value of the interest-
ing structures, while the window width determines the contrast in the image.
For the display of very small attenuation differences as given in the brain, for
example, a narrow window is chosen. For large differences, as presented by
the lung or the skeleton, for example, a wide window is chosen (figure 1.10).

Figure 1.9
The Hounsfield scale. CT values characterize the linear attenuation coefficient of 
the tissue in each volume element relative to the µ-value of water. The CT values 
of different tissues are therefore defined to be relatively stable and to a high degree 
independent of the x-ray spectrum.
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1.2 Basic Principles of CT
Examples have been compiled for illustration on the DVD for readers who
have no access to a CT scanner or to an evaluation station; these readers can
interactively explore the effects of changing window settings using the soft-
ware package offered there.

Significance of CT numbers

CT values can be interpreted in a simple and in most cases unambiguous
way. An increase in CT values can be assigned to increased density and/or an
increase in effective atomic number. This corresponds to the physical defini-
tion of the linear attenuation coefficient

µ is the product of the density ρ and the mass attenuation coefficient µ/ρ
which depends on the energy E of the x-rays used and the atomic number Z

Figure 1.10
Windowing procedures to display CT images. The diagnostically relevant range of CT 
values is selected by choosing the center and width (C/W) of the window. The complete 
gray value scale is assigned to this selected range only for display on a monitor or film.

(1.2)μ μ
ρ
---⎝ ⎠
⎛ ⎞ E Z,( ) ρ⋅=
33



1 Principles of Computed Tomography
of the material or tissue in question. Values of the mass attenuation coeffi-
cient as a function of energy are shown in figure 1.11 for several elements
and materials relative to the values for water. This illustrates that CT value
differences due to effective atomic numbers decrease for higher energies.
Contrast at high energies is dominated by density differences. This holds
true for tissues of high atomic number, such as bone, in the same way as for
tissues with low atomic numbers, such as fat. The negative contrast of
fat, typically –80 to –100 HU, is caused both by the low effective atomic
number Zeff of approximately 5.88 and by the low density of approximately
0.96 g/cm3.

For the interpretation of CT values it must also be considered that the contri-
bution of all materials or chemical elements in a given voxel are averaged.
The explanation of why attenuation and thus CT values increase or decrease
is nevertheless not a problem in most cases and apparent for experienced
radiologists.

However, there may also be unclear findings, for example the question if a
region with increased attenuation in soft tissue represents a fresh process

Figure 1.11
Mass attenuation coefficients of different materials relative to those of water; 
effective atomic numbers are given in parentheses. CT values are increased when 
the atomic number or the density of the material are higher than that of water.
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1.2 Basic Principles of CT
corresponding to bleeding or an old process which is diffusely calcified. In
such cases, dual energy CT can clarify the situation (figure 1.12).

Dual energy CT makes use of the energy dependence in µ due to the materi-
als’ atomic numbers. In general, two scans with different spectra are carried
out and the attenuation values and the differences in attenuation for the two
spectra have to be evaluated. Different approaches are available for this pur-
pose. The aim is always to generate material-selective images and to de-
termine material density as accurately as possible. Implementations which
are based on the measured attenuation integrals and the principle of base ma-
terial decomposition can provide images of calcium and soft tissue density
(figure 1.12) as well as images of electron density, effective atomic number
and so-called monoenergetic images free of beam hardening effects [Kalen-
der, 1987a]. The only dual energy CT product available in the past was of-
fered for several years on Siemens scanners of the SOMATOM DR type and

Figure 1.12
Principle and results of dual energy CT. The area of increased CT values in the 
standard CT image can be interpreted correctly by means of material density 
images: soft tissue density is increased, there is no calcium deposit [Kalender, 
1987c].
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1 Principles of Computed Tomography
was used especially for the highly accurate measurement of bone mineral
density in the lumbar spine [Kalender 1987c]. The high technical effort was
not considered adequate for many years. Followed by the introduction of
dual source CT (see section 2.4.5), dual energy methods became of interest
again with several technical solutions being presented and quite a number of
applications being accepted. Therefore dual energy methods are covered in
some detail in the separate new section 7.4.
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2 Technical Concepts

2.1 Phases of Development and Goals

The technical goals of CT development have continuously been adapted to
the technical state of the art and to the topical demands of radiology. One
basic demand has always been of high priority: scan times have to be
reduced! In addition to other demands such as improvement of image qual-
ity, reduction of costs, adaptation of the user interface etc., which always had
to be taken into account too, the reduction of scan times appears to have been
the decisive trend pursued since the beginning of CT. And it is essential to
note that this not just aimed at the speed of taking a single image but at the
speed of finishing the complete examination. The performance and the spec-
trum of applications developed accordingly, driven or accompanied by the
necessary improvements in technology. To a good approximation, although
not strictly so, the individual phases of development can be assigned to sin-
gle decades.

2.1.1 The Seventies – from Head to Whole Body Scanning

The development of CT scanners began with Hounsfield’s experimental
setup, which largely corresponded to the sketch in figure 1.5. This setup has
often been termed the “first generation” of CT. The first commercial scan-
ners, the so-called “second generation”, differed only little from Houn-
sfield’s scanning system. To speed up scanning detectors were added, which
entailed going from a pencil beam to a small fan beam. Both types of scan-
ners functioned according to the translation-rotation principle in which the
radiation source and the detector scan the object in a linear translatory
motion and repeat this procedure successively after a small rotational incre-
ment (figure 2.1a,b). In this manner, Hounsfield sampled 180 projections in
1° steps with 160 data points each, i.e. a total of 28,800 data per scan. This
was fully sufficient to calculate an image with 6,400 pixels, i.e. an 80 × 80
image matrix. Scan times were five minutes; image reconstruction was car-
ried out simultaneously and took the same amount of time. Hounsfield
reported an examination time of 35 minutes, in which the dual-row detector
acquired 6 × 2 images with 13 mm slice thickness. This constituted a remark-
able performance. In the first trials in 1969 test objects, so-called phantoms,
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