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 3 Milestones of Computed Tomography

Fig. .. Conventional planar X-ray leads to low-contrast images that do not allow clinical
diagnostics involving soft tissue. The figure shows the cranial bone (left), in which details
of spatial structures in the brain cannot be recognized. On the image of the knee (right),
even bone structures have low contrast.This low contrast is caused by the averaging process
during the X-ray’s passage through the body

phology of the brain, in particular, is completely lost in the averaging process. In
the knee, even the bone structures are imaged with poor contrast due to the super-
imposition.

3.2
Tomosynthesis

In the s, the desire to undo the averaging process that characterizes conven-
tional X-ray radiography led to the first tomographic concept.Theword tomography
itself is composed of the two Greek words tomos (slice) and graphein (draw). The
word tomography was considerably influenced by the Berlin physician Grossmann,
whoseGrossmann tomograph was able to image one single slice of the body (Gross-
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Tomografía lineal

Chapter 3: X-ray computed tomography

and the film rotate at the same fixed speed around
a vertical axis while the X-ray source remains sta-
tionary. Under these circumstances, the focal plane
in the patient remains in sharp focus throughout
the rotation, whereas all other planes are averaged
out.

The first CT scanner (the EMI scanner) was devel-
oped by Godfrey N. Hounsfield in 1972. His work
was based on mathematical and experimental meth-
ods developed by A. M. Cormack a decade earlier.
Hounsfield and Cormack shared the Nobel Prize in
Physiology or Medicine in 1979. The first whole-body
CT scanner (the ACTA scanner) was developed by

(a)

(c)

(b)

(d)

Figure 3.2 Basic scanning procedure in CT. A set of lines is
scanned covering the entire field of view: (a) parallel-beam
geometry and (b) fan-beam geometry. This process is repeated for a
large number of angles (c and d).

Robert S. Ledley in 1974. Since the introduction of
helical and multi-slice CT (respectively in 1989 and
1998), CThas opened theway to 3D images of theheart
and has brought dynamic (4D) studies within reach.

In modern CT scanners, the images consist of
512 × 512 pixels representing the CT number, which
is expressed in Hounsfield units (HU). The CT number
is defined as

CT number (in HU) = µ − µH2O
µH2O

· 1000, (3.1)

whereµ is the linear attenuation coefficient. With this
definition, air and water have a CT number of, respec-
tively, −1000 HU and 0 HU. Bone falls on the positive
side of the scale, but has no unique CT number. This
value ranges from several hundreds to over 1000 HU.
The reason is that µ of bone (and all other tissues)
depends on its composition and structure, e.g., cortical
or trabecular, as well as on the energy of the absorbed
X-rays (see Figure 2.3).

Some clinical applications look at air–tissue or
tissue–bone contrasts on the order of 1000 HU, but
other clinical exams focus on small soft tissue contrasts
of a fewHU. An optimal perception requires a suitable
gray level transformation. In clinical practice, this is
done by a real time window/level operation. The win-
dow and level respectively define the width and center
of the displayed gray level interval. Figure 3.4 shows an
example of a CT image of the chest with two different
window/level settings, the first to visualize the lungs
(a), and the second to emphasize the soft tissues (b).

X-ray detectors in CT
Energy integrating detectors
Most recent commercial CT detectors consist of a
scintillator crystal (CdWO4, Y2O3, CsI, Gd2O2S)
in combination with a photodiode. The scintillator

P1 P2

 Film

(a) (b)

x-ray tube

Figure 3.3 (a) Linear tomography. The
X-ray source and film move at constant
speed in opposite directions. (b) Axial
transverse tomography. The film is
positioned horizontally in front of the
patient and slightly below the focal
plane. Both the patient and the film
rotate at the same fixed speed around a
vertical axis while the X-ray source
remains stationary.
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Tomografía lineal

3.2 Tomosynthesis 

mann ). Figure . shows a historic picture of the Grossmann tomograph (left)
(Lossau ), as well as amodern tomosynthesis scanner (right) (Härer et al. ).

The principle of the conventional or analog geometric tomography method is
illustrated in Fig. .. During image acquisition, the X-ray tube is linearly moved
in one direction, while the X-ray film is synchronously moved in the opposite dir-
ection. For this reason, only points in the plane of the rotation center are imaged
sharply. All points above and below this region are blurred, more so at greater dis-
tances from the center of rotation. Hence, the method can be interpreted as “blur-
ring tomography.” It is called “tomosynthesis” if there is digital post-processing of
the projection images.

The blurred information above and below the center of rotation does not disap-
pear, but is superimposed on the sharp image as a kind of gray veil or haze.There-
fore, a substantial reduction in contrast is noticeable. However, the gain in quality
compared with a simple radiograph is clearly visible in the example of a tomosyn-
thetically acquired slice sequence of the knee in Fig. . (Härer et al. , ).
Table . gives a historic overview of the milestones of analog tomography meth-
ods.

Due to the increased availability of electronic X-ray detectors, tomosynthe-
sis systems are currently regaining scientific attention (Stevens ). Figure .
shows the Siregraph T.O.P. from Siemens Medical Solutions, a modern tomosyn-
thesis scanner (right). In this system, projection images are measured duringmove-
ment and stored digitally using an image intensifier system.This allows subsequent
image reconstruction that is superior to the analog blurring technique. Figure .

Fig. ..Digital tomosynthesis is superior to conventional or analog geometric tomography.
Left: The historic Grossmann tomograph (Lossau ; Grossmann ). Right: The Siro-
graph T.O.P. from Siemens, equipped with an image intensifier system (D), which is syn-
chronously moved with the X-ray tube (R), and therefore defines a slice (S). Courtesy of
Siemens Medical Solutions, from (Härer et al. , )

 3 Milestones of Computed Tomography

Fig. ..The first attempts to create radiographic slices of the human body were carried out
using conventional or analog geometric tomography, also referred to as tomosynthesis if the
acquired X-ray images are digitally post-processed. In this process, the X-ray tube and the
detector are synchronouslymoved in opposite directions. For this reason, structures situated
above and below the plane of the center of rotation are blurred (tomosynthesis images of
a knee phantom: Courtesy of Siemens Medical Solutions (Härer et al. , ))

Table ..Historic milestones of analog tomography (see Webb )

Class Mechanical arrangement Motion Inventor
Stratigraphy X-ray tube and film cassette

are perpendicular to a rigid
pivoting pendulum

Linear,
circular
or spiral

Alessandro
Vallebona ()

Planigraphy X-ray tube and film cassette
move in parallel equidistant
planes with reciprocalmotions

Linear,
circular
or spiral

André Edmond Marie
Bocage (),
Ziedses des Plantes (),
Ernst Pohl ()

Tomography X-ray tube and film cassette
are attached to a rigid pendu-
lum, but the detector is always
parallel to the tomographic
plane

Linear Gustav Grossmann ()

enables a direct comparison between the analog image of the knee given by conven-
tional geometric tomography (bottom left) and single slices acquired with a spacing
of mmusing tomosynthesis.The blurring angle, α, determines the extent to which
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Tomografía transaxial

Chapter 3: X-ray computed tomography

and the film rotate at the same fixed speed around
a vertical axis while the X-ray source remains sta-
tionary. Under these circumstances, the focal plane
in the patient remains in sharp focus throughout
the rotation, whereas all other planes are averaged
out.

The first CT scanner (the EMI scanner) was devel-
oped by Godfrey N. Hounsfield in 1972. His work
was based on mathematical and experimental meth-
ods developed by A. M. Cormack a decade earlier.
Hounsfield and Cormack shared the Nobel Prize in
Physiology or Medicine in 1979. The first whole-body
CT scanner (the ACTA scanner) was developed by

(a)

(c)

(b)

(d)

Figure 3.2 Basic scanning procedure in CT. A set of lines is
scanned covering the entire field of view: (a) parallel-beam
geometry and (b) fan-beam geometry. This process is repeated for a
large number of angles (c and d).

Robert S. Ledley in 1974. Since the introduction of
helical and multi-slice CT (respectively in 1989 and
1998), CThas opened theway to 3D images of theheart
and has brought dynamic (4D) studies within reach.

In modern CT scanners, the images consist of
512 × 512 pixels representing the CT number, which
is expressed in Hounsfield units (HU). The CT number
is defined as

CT number (in HU) = µ − µH2O
µH2O

· 1000, (3.1)

whereµ is the linear attenuation coefficient. With this
definition, air and water have a CT number of, respec-
tively, −1000 HU and 0 HU. Bone falls on the positive
side of the scale, but has no unique CT number. This
value ranges from several hundreds to over 1000 HU.
The reason is that µ of bone (and all other tissues)
depends on its composition and structure, e.g., cortical
or trabecular, as well as on the energy of the absorbed
X-rays (see Figure 2.3).

Some clinical applications look at air–tissue or
tissue–bone contrasts on the order of 1000 HU, but
other clinical exams focus on small soft tissue contrasts
of a fewHU. An optimal perception requires a suitable
gray level transformation. In clinical practice, this is
done by a real time window/level operation. The win-
dow and level respectively define the width and center
of the displayed gray level interval. Figure 3.4 shows an
example of a CT image of the chest with two different
window/level settings, the first to visualize the lungs
(a), and the second to emphasize the soft tissues (b).

X-ray detectors in CT
Energy integrating detectors
Most recent commercial CT detectors consist of a
scintillator crystal (CdWO4, Y2O3, CsI, Gd2O2S)
in combination with a photodiode. The scintillator

P1 P2

 Film

(a) (b)

x-ray tube

Figure 3.3 (a) Linear tomography. The
X-ray source and film move at constant
speed in opposite directions. (b) Axial
transverse tomography. The film is
positioned horizontally in front of the
patient and slightly below the focal
plane. Both the patient and the film
rotate at the same fixed speed around a
vertical axis while the X-ray source
remains stationary.
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Tomografía axial computarizada

Chapter

3 X-ray computed tomography

Introduction
X-ray computed tomography or CT (Figure 3.1) is
an imaging modality that produces cross-sectional
images representing the X-ray attenuation properties
of the body. Theword tomography originates from the
Greek words τoµoς (slice) and γραφϵιν (to write).
Image formation of a cross-section is based on the fol-
lowing procedure. X-rays are produced by an X-ray
tube, attenuated by the patient andmeasured by an X-
ray detector. Using thin X-ray beams, a set of lines is
scanned covering the entire field of view (Figure 3.2(a)
shows a parallel-beam geometry and Figure 3.2(b)
shows a fan-beam geometry). This process is repeated
for a large number of angles (Figure 3.2(c) and (d)),
yielding line attenuation measurements for all pos-
sible angles and for all possible distances from the
center. Based on all these measurements, the actual
attenuation at each point of the scanned slice can
be reconstructed. Although the imaging modalities of
Chapters 4 and 5 (MR, PET, and SPECT) also rep-
resent a kind of computed tomography, the term CT
(originally CAT) is allocated for X-ray comput(eriz)ed
(axial) tomography. The physics of X-rays, their

(a) (b)

Figure 3.1 (a) Schematic representation, and (b) photograph of a CT scanner. (Courtesy of GE Healthcare.)

production, and interactions with tissue have already
been discussed in Chapter 2.

The history of CT began in 1895, when Wilhelm
Konrad Röntgen reported the discovery of what he
called “a new kind of rays.” Röntgen received the
first Nobel Prize in Physics in 1901. Reconstruction
of a function from its projections was first formu-
lated by Johann Radon in 1917. Before the invention
of computed tomography, other kinds of tomography
existed.

• Linear tomography (Figure 3.3(a)) The X-ray source
and filmmove at constant speed in opposite direc-
tions. Under these circumstances, one section of
the patient (plane P1–P2) is always projected at
the same position on the film, whereas the rest
of the body is averaged out. In addition to linear
tube and detector movement, curved paths (circu-
lar, elliptical, hypocycloidal, . . .) have been used as
well.

• Axial transverse tomography (Figure 3.3(b)) The film
is positioned horizontally in front of the patient
and slightly below the focal plane. Both the patient

Introducción 
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Primer TAC: EMI MARK1 (Godfrey N. Hounsfield, 
1972)

1.3 Historical Perspective 

Fig. ..Left: AllanMacLeodCormack (–) shortly after the official announcement of
the Nobel Prizes for medicine in  (courtesy of Tufts University, Digital Collections and
Archives). Right: Sir Godfrey Hounsfield (–) in front of his first EMI CT scanner
(courtesy of General Electric Medical Systems)

Fig. .. Left: Johann Radon (–; courtesy of the Austrian Academy of Sciences
[OAW], collection of portraits). Right: Wilhelm Conrad Röntgen (–; courtesy of
Röntgen-KuratoriumWürzburg e.V.)

 3 Milestones of Computed Tomography

Fig. ..The first generation of CT is equippedwith a pencil beamand a single detector.These
are moved linearly, and the configuration is rotated through different projection angles, γ.
Each point inside the field of view needs to be X-rayed from all “sides,” so the X-ray source
and detector are rotated through !. The X-ray pencil beam is extracted from the beam
characteristic of the source, by using an appropriate pin-hole collimator

Fig. ..The first head scanner was built in the EMI Central Research Laboratories in Lon-
don. Courtesy of General Electric Medical Systems

Introducción 
Orígenes de la tomografía

Diagnóstico por la imagen [SIM – Máster IB] Joan Vila Francés

1895 W.C. Roentgën descubre los RX o rayos Roentgën

1917 J.H. Radon desarrolla la transformada matemática que hará posible la 
reconstrucción de la imagen de cortes del  TAC

1956 R.N. Bracewell desarrolla la primera aplicación de la transformada de 
Radon en Radioastronomía

1963 A.M. Cormack describe una técnica para calcular la distribución de 
absorción de RX al atravesar secciones del cuerpo humano

1970 G.H. Hounsfield experimenta con el primer TAC de laboratorio, un 
corte tardaba 24 horas en realizarse

1972 En el Hospital Atkinson Morley, con el TAC de Hounsfield se detecta un 
tumor cístico en el lóbulo frontal de un paciente

1972 G.H. Hounsfield presenta el EMI MARK1, primer TAC de aplicación 
clínica, en el BIR

Introducción 
Evolución histórica



Diagnóstico por la imagen [SIM – Máster IB] Joan Vila Francés

1974 Siemens también fabrica TAC de cerebro

1975 Primer TAC de uso clínico de cuerpo completo

1979 Hounsfield y Cormack son premiados con el Nobel de Medicina y 
Fisiología

1989 W.A. Kalender y P. Vock realizan las primeras exploraciones clínicas 
con TC Helicoidal

1998 Sale al mercado el primer TC multicorte (

2000 Se introducen los primeros sistemas PET/TC

2001 Primeros equipos TC multicorte de 16 cortes

2004 Se introducen los TC multicorte de 64 cortes

2006 Se introduce el TAC de fuente dual

2010 Ya hay más de 50.000 instalaciones de TAC en uso clínico

Introducción 
Evolución histórica
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1974 
80 x 80

2005 
1024 x 1024
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Tecnología del TAC

Las imágenes de TAC 
ofrecen mayor contraste que 
la radiología convencional
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ofrecen mayor contraste que 
la radiología convencional
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El TAC mide la atenuación lineal de los Rayos X en el 
paciente desde muchos ángulos de proyección.

A partir de estas proyecciones unidimensionales se 
reconstruye la atenuación en cada punto de la 
sección.

Computed Tomography
Its History and Technology

Tecnología del TAC
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El TAC mide el coeficiente de atenuación lineal a lo 
largo de todo el objeto

Tecnología del TAC
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El TAC mide el coeficiente de atenuación lineal a lo 
largo de todo el objeto.

Una sola proyección no puede dar información 
interna de cada punto.


Se repite la medida de la atenuación lineal en todos los 
ángulos y distancias posibles desde el centro.

A partir de todas las medidas se puede reconstruir la 
atenuación actual de cada punto de la sección.

Tecnología del TAC
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Originalmente, la medida de TAC se realizaba 
mediante traslación y rotación.

EMI MARK1:  
180 proyecciones x 160 puntos/proy. = 

= 28800 datos 
[300 s/corte]

Tecnología del TAC
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Actualmente la medida de TAC se realiza mediante 
proyección en abanico y rotación.

TAC actual:  
800-1500 proyecciones x 
600-1200 puntos/proy. = 

= 1.800.000  
[0.35 s/corte]

Computed Tomography
Its History and Technology

Tecnología del TAC
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Tecnología del TAC 
Tubos de rayos X

Se utiliza un único tubo de Rayos X (excepto en los 
EBCT y los TAC de doble energía).

Funcionamiento continuo, entre 80 y 140 kVp.

Colimación en forma de abanico (grosor entre 1 y 
10mm) o cono (20-80 mm).

Mayor filtrado que en la radiología planar:


Cobre seguido de una capa de aluminio

Mejor aproximación a un haz monoenergético
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Tecnología del TAC 
Detectores

Los detectores de RX del TAC miden la intensidad de 
radiación incidente.

Dos tipos principales:


Detectores de gas

Detectores de estado sólido
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Tecnología del TAC 
Detectores

Los detectores de gas miden la ionización en una 
cámara de gas a alta presión.

2.5 X-ray Detection 

describes the first part of the detection process chain. Xenon ions and electrons
are attracted by high voltage to a cathode and an anode respectively. A series of
alternating cathode and anode pairs forms the detector array. Figure . sche-
matically shows the reaction chain starting with the photoelectric ionization to
the recombination of the free charged particles at the electrode surfaces. The cur-
rent produced by recombination is a measure of the X-ray intensity entering the
detector.

A weak quantum efficiency (a low probability for the photoelectric absorp-
tion) can be compensated for by a high pressure and by tall ionization cham-
bers. Another advantage of tall chambers is improved directional selectivity of
the detector element. Since the ionization probability is proportional to the travel
length of X-ray quanta inside an element (one cathode–anode block), detection of
X-ray quanta with an oblique entrance will be suppressed. In this way, a tall de-
tector element has a built-in collimation. However, septa between detector elem-
ents are insensitive regions that will decrease the geometric efficiency of the de-
tector.

Fig. .. Schematic cut-out of two adjacent ionizing chambers of a xenon high-pressure
detector array. Since the chambers are communicating, all detector elements have the same
Xe pressure and, therefore, the same sensitivity
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Tecnología del TAC 
Detectores

Los detectores de estado sólido tienen un medio 
centelleador acoplado a un fotodiodo.

2.5 X-ray Detection 

that the GdOS ceramic has a higher probability of energy conversion via photo-
electric absorption than xenon. Due to the fact that the mass density ρ of the gas
xenon is three magnitudes smaller than the mass density of the solid-state detec-
tor material, the effective absorption of quanta inside the solid-state detector, and
therefore its quantum efficiency, is significantly higher. This can be only partially
compensated by long Xe chambers and a high gas pressure.

In Fig. . the components of a scintillator detector unit are shown schemat-
ically. On the right-hand side of Fig. . a detector unit of the Philips Tomoscan
EG is shown. One unit consists of  detector elements. X-rays that have been scat-
tered may undergo deflection through a small angle and finally reach the detec-
tor. This is an undesired detection because it reduces the image contrast. To sup-
press the measurement of scattered X-ray quanta, collimator lamella are attached
to each element. Such an anti-scatter collimator grid is directed toward the X-ray
focus to filter out photons not traveling in the line of sight between X-ray source
and detector. Without an anti-scatter grid, the image quality would be significantly
reduced.

However, there is an obvious disadvantage of the anti-scatter grid. To block an
oblique entrance of scattered X-ray photons effectively, a minimum lamella thick-
ness of .mm is required. In practice, the detector elements have a total geometric
efficiency of about –% (Kalender ). This decreased fill factor leads to an
undesired reduction in spatial detector resolution.

Fig. .. Schematic drawing and photograph of a detector unit. Single detection channels
are separated by thin anti-scatter lamella.The scintillatormedium converts the X-ray quanta
to light, which subsequently is detected by a photodiode mounted on the crystal
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Tecnología del TAC 
Obtención de imágenes

Buscamos obtener la distribución de atenuación 
μ(x,y) a partir de sus proyecciones (que equivalen a la 
transformada de Radon de esta distribución).

Método directo: aplicar la transformada de Radon 
inversa a las proyecciones medidas.

Otros métodos utilizados:


Retroproyección filtrada 

Reconstrucción algebraica (ART)

Reconstrucción iterativa (IR)
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Tecnología del TAC 
Obtención de imágenes

Reconstrucción algebraica (ART):
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Tecnología del TAC 
Obtención de imágenes

Retroproyección:
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Tecnología del TAC 
Obtención de imágenes

Retroproyección:
5.8 Comparison Between Backprojection and Filtered Backprojection 

Fig. .. Successive reconstruction of the tomographic software phantom image from pro-
jection data. In each reconstruction phase the results of the simple backprojection (left col-
umn) and the filtered backprojection (right column) are presented in direct correspondence.
The number of projections Np per row is increased such that, from top to bottom, intermedi-
ate results are presented for Np = !, , , "
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Tecnología del TAC 
Obtención de imágenes

Retroproyección 
filtrada:

5.8 Comparison Between Backprojection and Filtered Backprojection 

Fig. .. Successive reconstruction of the tomographic software phantom image from pro-
jection data. In each reconstruction phase the results of the simple backprojection (left col-
umn) and the filtered backprojection (right column) are presented in direct correspondence.
The number of projections Np per row is increased such that, from top to bottom, intermedi-
ate results are presented for Np = !, , , "
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Tecnología del TAC 
Obtención de imágenes

Retroproyección filtrada:

diferentes filtros de reconstrucción
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Reconstrucción iterativa:

Tecnología del TAC 
Obtención de imágenes

 6 Algebraic and Statistical Reconstruction Methods

Generally, these methods aremuch easier to understand than the Fourier-based
strategies discussed so far. Thereby, one takes the discrete nature of the practical
realization of CT into account from the very beginning. Discretization of the pro-
jection, pγ(ξ), is technically dictated by the design of the detector array based on
a set of discrete detector elements.The discretization of the tomographic image, i.e.,
the size and number, N , of pixels inside the field of view, has to be determined be-
fore image reconstruction can take place. Figure . shows the situation of spatially
discrete attenuation values schematically. The tomographic image that has to be re-
constructed, however, consists of a discrete array of unknown variables, f j, with
j = !, . . . ,N", i.e., the unknown attenuation coefficients. The set of projections
through the object can easily be modeled by a linear system of equations. Figure .
motivates this set-up of a linear system of equations. Passing through tissue, the
intensity of the X-ray beam is weakened according to the attenuation coefficients,
f j = µj . If the image is small, the solution of the corresponding low dimensional
linear system of equations can be obtained, for example, by Gaussian elimination
(cf. Press et al. []).

For each ray through the object, one obtains the already known projection sum
defined in # Sect. . and, furthermore, the following system of equations for the
situation of the  $ -pixel image in Fig. .a.

f + f = p , (.)
f + f = p , (.)
f + f = p , (.)
f + f = p , (.)

Fig. ..The principle of algebraic reconstruction is very simple.The set of projections results
in a linear system of equations. In the left image all four unknown attenuation values can be
determined exactly using four projections from three projection angles. If the grid that is to
be reconstructed is finer, more projections have to be measured

 6 Algebraic and Statistical Reconstruction Methods

For the first iteration, the result shall be written down explicitly here. In detail,
and for the example from Fig. ., this means that one first has to appoint the start
image, f = (, , , )T, before calculating the forward projections (being i = 

Fig. ..The first three algebraic reconstruction technique (ART) iterations of the exemplary
 !  pixel image of Fig. . using f() = (, , , )T as an initial image.The correct image
values are f = (, , , )T

6.3 Iterative Reconstruction with ART 

here). Comparison with the measured projection yields the correction term and
the first approximation

f() =
!"""#
.
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For instance in MatlabTM, the core content of the iteration can actually be pro-
grammed in only one line:

f = f − ((a(i, *)+ f − p(i)),(a(i, *)+a(i, *)′)+a(i, *)′) . (.)

Figure . illustrates the interaction scheme for the first three iterations using the
exemplary  -  pixel image of Fig. .. In the middle row, the second correction
step (n = ), i.e., the result of (.), is shown. The second forward projection,
p() = (., , , ., ., .), has to be compared with the actual measured pro-
jections, p = (, , , , , ), in order to determine the next correction terms that
will further refine the image. That way the differences between the forward pro-
jections and the measured projections decrease in each iteration. In the last row of
Fig. ., it can be seen that the correction terms have decreased significantly after
only three iterations.

Fig. ..Algebraic reconstruction technique convergence for the example from Fig. ..The
pixel values are plotted versus the iteration steps from n =  to n = 
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Tecnología del TAC 
Obtención de imágenes

Scout-view: 

Exploración previa 
análoga a una 
radiografía clásica

Sirve para fijar la 
posición y el rango del 
paciente a explorar
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Tecnología del TAC 
Valores CT

La TC mide el coeficiente de atenuación lineal.

Para normalizar esta cantidad respecto a la energía 
usada, se mide el número CT:

[CT]

el número CT se mide en H.U. (Hounsfield units)
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Tecnología del TAC 
Valores CT

valores CT de diferentes tejidos
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Tecnología del TAC 
Valores CT

procedimiento de “enventanado” (windowing) para 
visualizar imágenes de CT
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Un incremento en el valor CT se puede deber a:

incremento en la densidad del tejido

Incremento en el número atómico efectivo (Zeff)

Tecnología del TAC 
Significado de los números CT
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Tecnología del TAC 
Significado de los números CT

Coef. de atenuación másico respecto al agua
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Evolución del TAC

La evolución del TAC ha estado condicionada por la 
frontera de los logros tecnológicos (state-of-art).

El objetivo prioritario es reducir el tiempo de 
barrido.

De manera secundaria también se busca la 
reducción de costes, mejora de la calidad y 
reducción de dosis.
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Evolución del TAC 
1ª generación

Haz en forma de lápiz

Movimiento de traslación-
rotación

1er prototipo de TAC 
(Hounsfield, 1970):


Muy lento (>24h por corte)


EMI MARK1 (1972)

2 detectores (2 cortes 
simultáneos)

5 min por corte
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Evolución del TAC 
2ª generación

Haz en forma de abanico 
parcial y array de 
detectores.

Movimiento de traslación-
rotación

ACTA scanner:


Campo de 48 cm.

6 min. por corte
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Evolución del TAC 
3ª generación

Haz en forma de abanico 
de proyección completa y 
arco de detectores 
rotatorio.

Movimiento de rotación 
únicamente.

Entre 20 y 5 s por corte.
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Evolución del TAC 
4ª generación

Haz en forma de abanico 
de proyección completa y 
anillo de detectores 
completo estático.

Movimiento de rotación 
únicamente.

5 s por corte.
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Evolución del TAC 
TAC de giro continuo

La mayor limitación para reducir el tiempo se debe a 
tener que parar la rotación después de cada vuelta y 
volver a arrancar.

Solución: TAC de rotación continua.


Un sistema de conexión eléctrica en anillo (tecnología 
Slip-Ring) permite la rotación continua sin necesidad de 
parar después de cada vuelta

Introducido por Siemens (Somatom Plus) y Toshiba (TCT 
900S) en 1987

Reduce el tiempo de corte a menos de 0.35s
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Evolución del TAC 
TAC de giro continuo

tecnología Slip-Ring
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Evolución del TAC 
TAC de giro continuo

funcionamiento del TAC helicoidal

El giro continuo permite la adquisición de cortes en espiral 
(TAC helicoidal)
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Evolución del TAC 
5ª generación

Electron Beam CT (TAC por proyección de 
electrones)

3.7 Electron Beam Computerized Tomography 

If the X-ray tube is outside the detector ring, it is necessary to prevent the X-rays
from radiating through the detectors from behind. Therefore, the detector ring is
dynamically tilted away from the path of the tube. In this way, the line of sight be-
tween the tube and the appropriate section of the detector ring only passes through
the patient (and patient table) and not through the electronics behind the detectors.

The fourth-generation tomographs establish “inverse fans,” which are centered
on detectors rather than on the X-ray focus. Figure . shows an inverse fan sche-
matically. An inverse fan is also referred to as a “detector fan.”

An inverse fan can be very dense, limited only by the sampling rate at which in-
dividual detectors can be read out. As a result, unlike third-generation tomographs,
this scanner is not limited to the spatial resolution of a single fan beam.

3.7
Electron Beam Computerized Tomography

If there is a need for even shorter acquisition times, the concept of moving sam-
pling systems must be left behind entirely. One approach to achieving this is using
electron beam computerized tomography (EBCT).This type of CT was developed
for cardiac imaging.

Fig. .. Realization of an electron beam computerized tomography (EBCT) scanner by
Imatron, for fast cardiac imaging. Courtesy of General Electric Medical Systems
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Evolución del TAC 
TAC multicorte

TAC monocorte

por cada rotación del tubo se adquieren varios cortes 
contiguos de manera simultánea.


Chapter 3: X-ray computed tomography

z1 z1 z1z2

b b b

bi bi bi

b*

z z z

360 360 360

180

(a) (b) (c)

TF TF

Figure 3.15 (a) In circular CT, data are acquired at discrete axial positions {z1, z2, . . .} and for angular tube positions β ranging from 0 to 2π .
(b and c) In helical CT, data are acquired while β and z increase simultaneously. In (b) 360◦ linear interpolation is used and in (c) 180◦ linear
interpolation is used to obtain a complete dataset at one particular axial position z1.

(a) (b)

Figure 3.16 (a) Single-slice CT versus (b)
multi-slice CT: a multi-slice CT scanner can
acquire multiple slices simultaneously by using
multiple adjacent detector arrays. (Reprinted
with permission of RSNA.)

#z/2. Hence, for a slice thickness #z , the maximum
table feed is TF = #z/2 (pitch = 0.5).

Taking into account that concurrent but opposite
rays yield identicalmeasurements (Figure 3.15(c)), the
axial sampling density can be doubled by using 180◦
interpolation. The sampling distance then becomes
TF/2, and the maximum table feed TF = #z (pitch=
1.0). Increasing the pitch to a value above one reduces
the scan time, however, at the cost of image quality.∗
Note that with a fan-beam geometry, opposite rays are
not separated exactly by TF/2, and the axial distance
from a particular ray to an opposite ray depends on its
position within the fan.

Multi-slice CT
In modern CT scanners, the detector array consists
of multiple detector rows, in order to measure several

∗ Theoretically, the patient dosewould reduce as the pitch increases,
but in practice the dose is often kept constant by increasing themA s
to maintain the CNR.

slices per rotation of the X-ray tube (Figure (3.16)).
The number of slices can also be boosted by combining
multiple detector rows with longitudinal focal spot
wobble, providing interlaced slices. This way, for
example, a 32-rowCT scanner ismarketed as a 64-slice
scanner.

The pitch can be defined here as the ratio of the
table feed to the total X-ray beam thickness, i.e.,
the thickness of the complete stack of slices. Using
the same pitch values as in single-slice CT yields a
reduction of the scan time by the number of detector
rows, resulting in reduced motion artifacts.† Using,

† For multi-slice CT scanners, the maximum pitch can be deter-
mined intuitively as follows. In order to reconstruct any single slice,
the minimum required view angle range is 180◦ plus the fan-angle.
Simplistically this can be used to define the time during which
the patient can translate by an amount equal to the longitudinal
coverage of the beam at isocenter. The pitch by definition equals
the translation for 360◦ of rotation, so the pitch cannot be larger
than 360/(180 + fan-angle) or about 1.5. Note that this calculation
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TAC multicorte
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Evolución del TAC 
TAC multicorte

Reduce en un factor de N el tiempo total de adquisición (N 
= número de cortes)

Implementado sobre TAC’s de 3ª generación

La anchura del corte se puede seleccionar dinámicamente 
mediante los detectores
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Evolución del TAC 
TAC multicorte

diferentes implementaciones 
del TAC multicorte para 

adaptar el ancho del corte
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Evolución del TAC 
Pitch

El Pitch mide la relación entre la distancia entre cortes 
(eje z) y el ancho del corte 
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Evolución del TAC 
Ejemplo: SOMATOM Plus

Primer TAC helicoidal (SIEMENS, 1989)
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Evolución del TAC 
Ejemplo: SOMATOM Plus

Tiempo de corte (360º): 0,5 s

Utiliza un nuevo tubo STRATON:


Ánodo de 120mm de diámetro

Capacidad de enfriamiento de 5 
MHU/min
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Evolución del TAC 
Comparativa histórica de prestaciones

1972 1980 1990 2004 2010
MIN. TIEMPO 
DE BARRIDO 300s 5-10s 1-2s 0,33-0,5s 0,27-0,35s

DATOS POR 
360º SCAN 57,6 kB 1 MB 1-2 MB 10-100 MB 0,1-1 GB

DATOS POR 
SCAN ESPIRAL - - 24-48 MB 200-4000 

MB 1-100 GB

MATRIZ DE LA 
IMAGEN 80 x 80 256 x 256 512 x 512 512 x 512 512 x 512

POTENCIA 2 kW 10 kW 40 kW 60-100 kW 80-120 kW
ESPESOR DE 

CORTE 13 mm 2-10 mm 1-10 mm 0,5-1 mm 0,4-0,6 mm

RESOLUCIÓN 
ESPACIAL 3 pl/cm 8-12 pl/cm 10-15 pl/cm 12-25 pl/cm 12-25 pl/cm
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Procesado y visualización

Las imágenes de TAC obtenidas por reconstrucción 
a partir de los datos de las proyecciones son 
digitales.

Estas imágenes se pueden procesar para obtener:


Datos de interés diagnóstico

Diferentes modos de visualización
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Procesado de imágenes de TAC
Procesado y visualización

Determinación del valor CT de cualquier píxel

Determinación de los valores CT a lo largo de cualquier 
trayectoria de la imagen

Selección de regiones de interés (ROI) y medida en ellas de:


valores medios

desviación estándar

histogramas


Medida de áreas, volúmenes, distancias y ángulos

Filtrado y realización de operaciones aritméticas entre 
imágenes
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Visualización de imágenes de TAC
Procesado y visualización

Visualización en 2D 
La imagen representa un plano (corte del objeto)


Visualización en 3D 
La imagen representa un volumen tridimensional 
(rendering)
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Visualización de imágenes de TAC
Procesado y visualización
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Visualización 2D
Procesado y visualización

El TAC adquiere el plano transversal (axial) del paciente.

Los planos sagitales y coronales se sintetizan a partir de las 
imágenes originales (transversales).

Adicionalmente, cualquier plano arbitrario se puede 
sintetizar a partir de las imágenes.

La síntesis de planos de imagen se conoce con el nombre 
de Multi-Planar Reformation (MPR).


Esta síntesis se puede extender para generar cortes más 
“gruesos” del paciente (think slices o “slabs”) que reducen el ruido 
de la imagen: iSTR-MPR (iterative Sliding thin slab MPR)
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Visualización 2D
Procesado y visualización

Selección de la ventana de grises:

El rango de valores CT va de -1000 a 3000 HU pero el ojo 
humano sólo distingue unos 50 niveles de gris.

Se visualiza sólo una ventana de niveles de CT dentro del rango 
completo.
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Visualización 3D
Procesado y visualización

Representan un volumen en una sola imagen, preservando la 
fidelidad y los detalles relevantes al diagnóstico.

Sólo pueden representar bien una estructura determinada a 
la vez.

Se pierde la información de los valores CT originales.

Requieren de la selección de un punto de vista de 
observación:


La imagen generada corresponde a la visión en el plano normal a 
la dirección de observación.

la imagen se genera a partir de los valores CT de cada rayo que 
desde el observador atraviesa el volumen 3D.

Se puede usar una proyección central o paralela.
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Visualización 3D
Procesado y visualización

Tipos de visualización 3D:

SSD:	 Shaded Surface Display

MIP:		 Maximum Intensity 

Projections 

VR:	 	 Volume Rendering 

pVR:	 Perspective Volume 

Rendering
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Surface Display
Procesado y visualización

Para cada rayo desde el observador se selecciona el primer 
vóxel cuyo valor de CT sobrepasa un umbral:

Su posición es mostrada en la 
imagen como frontera del 
volumen

Shaded Surface Display (SSD): 
se simula en el volumen una 
iluminación desde un punto de 
luz virtual
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Shaded surface displays
Procesado y visualización

ejemplo de representación SSD de 
una estructura ósea
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Maximum Intensity Projection (MIP) 
Procesado y visualización

Para cada rayo desde el observador se selecciona el vóxel 
con el mayor valor de CT:

Este valor es mostrado 
directamente en la imagen
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Volume Rendering (VR)
Procesado y visualización

Para cada rayo desde el observador todos los vóxeles 
contribuyen de manera ponderada a la imagen:

Cada vóxel presenta una 
opacidad y color según una 
función de transferencia de su 
valor CT
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Volume Rendering (VR)
Procesado y visualización
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Perspective Volume Rendering (pVR)
Procesado y visualización

Aplicación especial del VR que simula el punto de vista de 
un endoscopio.

Su principal aplicación es la endoscopia virtual (VE)
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Virtual endoscopy (VE)
Procesado y visualización
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Parámetros de las visualizaciones 2D y 3D
Procesado y visualización

COLOR ILUMINACIÓN PERSPECTIVA MOVIMIENTO 
INTERACTIVO

MPR NO NO NO SI

MIP NO NO NO SI

SSD NO SI SI SI

VR SI SI NO SI

PVR SI SI SI SI
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Calidad de imagen

La calidad de las imágenes de TAC viene dada por:

Resolución espacial

Ruido

Contraste

Aberraciones en la imagen
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Resolución espacial
Calidad de imagen

Depende de:

Ancho del haz de Rayos X, definido por:


Tamaño del punto focal

Tamaño de los canales detectores


La rotación continua del tubo introduce cierta 
borrosidad, que aumenta hacia la periferia del campo de 
visión.

El tipo de filtro de reconstrucción.

La interpolación del algoritmo de retroproyección

El tamaño del vóxel Los TAC clínicos actuales presentan entre 5 y 

15 pl/cm (con un MTF del 10%) y un grosor 
efectivo del corte de 0.5mm
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Ruido
Calidad de imagen

El ruido en TAC se debe a:

Ruido estadístico (quantum noise)

Ruido electrónico

Ruido de redondeo (cuantización)


El nivel de ruido depende de:

Exposición total (mAs)

El algoritmo de reconstrucción aplicado (filtrado y 
método de interpolación)
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Contraste
Calidad de imagen

El contraste depende fundamentalmente de las 
diferencias en las propiedades de atenuación.

Las imágenes de TAC, por ser digitales, pueden 
modular el contraste mediante transformaciones en 
su nivel de gris (enventanado).


Por tanto el ruido es el limitante del contraste

Inherentemente, las imágenes de TAC tienen mucha 
mayor capacidad para mostrar los detalles de bajo 
contraste que las imágenes de radiología plana.
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Aberraciones en la imagen
Calidad de imagen

Submuestreo

Puede producir aliasing en la imagen


Endurecimiento del haz

Cambia el coeficiente de atenuación medido de la periferia al 
centro de la imagen


Dispersión

Hasta un 30% de la radiación medida se debe a la dispersión, 
lo que hace que la atenuación se subestime


Efectos no lineales sobre el volumen

Cada medida representa la atenuación media del rayo, debido 
a su grosor finito se subestima la atenuación integrada

Diagnóstico por la imagen [SIM – Máster IB] Joan Vila Francés

Aberraciones en la imagen
Calidad de imagen

Movimiento

Puede producir lineas erróneas o borrosidad en la imagen


Aberraciones en TAC helicoidales:

Distorsión en escalera


Producidas por un pitch demasiado grande 

Distorsión de molino de viento


Producida por un aliasing en el eje z en TAC helicoidales 
con haz cónico.


Otras aberraciones

Debidas a calibración pobre o por fallos o desajustes en algún 
detector
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Calidad de imagen
Chapter 3: X-ray computed tomography

(a)

(d)

(g)

(b)

(e)

(h)

(c)

(f)

(i)

Figure 3.21 (a) Artifact-free reconstruction of a simulated water bowl with iron rod. (b) Same slice reconstructed after noise was added to
the simulated sinogram. (c) Aliasing artifacts occur when the number of detector samples is too small. (d) Peripheral streaks occur when the
number of views is too small. (e) Artifact-free reconstruction of a plexiglass plate with three amalgam fillings. (f) Beam hardening artifacts occur
when a polychromatic spectrum is simulated. (g) Same section after the addition of scatter. (h) Strong gradients in the image result in partial
volume artifacts. This effect was artificially eliminated in all the other images. (i) Motion artifacts caused by a short movement of the iron rod.

to obtain two interleaved sets of detector samples
separated by 180◦.

• If the number of views is too small, alternating dark
and bright streaks occur in the peripheral image
region where the sampling density is smallest. This
is illustrated in Figure 3.21(d).

Beam hardening
Low-energy photons are preferentially absorbed.
Therefore, an X-ray beam hardens as it passes through
tissue. The harder a beam, the less it is further
attenuated. All beams passing through a particular
pixel follow different paths and therefore experience a
different degree of beam hardening. Hence, they per-
ceive different attenuation values in that pixel. This
phenomenon causes beam hardening artifacts such
as a reduced attenuation toward the center of an
object (cupping) and streaks that connect objects with
strong attenuation. Figure 3.21(e) shows an artifact-
free section of a phantom that consists of a plexiglass

(polymethyl methacrylate) plate and three amalgam
fillings. Simulating the same section using a polychro-
matic spectrum results in beam hardening artifacts
shown in Figure 3.21(f).

Scatter
Not all photons that arrive at the detector follow a
straight path from theX-ray tube. Typically, up to 30%
of the detected radiation is due to scatter. The contri-
bution of scatter to the measured intensity profile is
very smooth. Because of the scattered photons, the
attenuation of a particular beam is underestimated.
The larger the integrated attenuation along a par-
ticular projection line, the smaller is the theoretical
intensity and thus the larger the relative error resulting
from scatter. Scatter yields streak artifacts, as shown
in Figure 3.21(g).

Nonlinear partial volume effect
Because of the finite beam width, every measurement
represents an intensity averaged over this beamwidth.
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