
 scola ècnica uperior nginyeria

Departament d´Enginyeria Electrònica

Intelligent Data 
Analysis Laboratoryσ

h!p://idal.uv.es

Medicina Nuclear (MN)
Diagnóstico por la imagen 
Sistemas e Imágenes Médicas



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

Medicina Nuclear
Introducción


Radioactividad


Radiofármacos


Imagen planar por MN: cámara gamma


Características de la imagen


Tomografía por emisión de fotones singulares: 
SPECT


Tomografía por emisión de positrones: PET



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

Introducción

“La medicina nuclear se puede definir como el uso de 
sustancias radioactivas para el diagnóstico y 

tratamiento de pacientes y quizás el estudio de 
enfermedades en humanos” 

(Wagner 1995)
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Introducción
Las imágenes de medicina nuclear muestran la 
distribución espacial de un radiofármaco en el 
cuerpo.


Por tanto, no aportan información anatómica sino 
fisiológica (funcional) de un órgano o sistema del 
paciente.



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

Principio de funcionamiento
Introducción

Muchas condiciones patológicas son iniciadas por 
un cambio químico o bioquímico en los tejidos.

Estos cambios se pueden observar visualizando  la 
toma y distribución de un radiofármaco: compuesto 
químico marcado con un elemento radioactivo 
(radioisótopo).


La estructura química del radiofármaco le hace afín a un 
determinado órgano o tejido, donde se acumula.


El radiofármaco emite una radiación (normalmente 
rayos γ) que es visualizada mediante una cámara 
especial (cámara gamma).
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Principio de funcionamiento
Introducción

las imágenes de cámara gamma convencionales 
producen una proyección 2D de una distribución 
tridimensional del radiofármaco.


La cámara gamma es sensible sólo a los rayos γ que 
inciden perpendicularmente al plano del sensor.


Los métodos tomográficos permiten reconstruir las 
imágenes de una serie de secciones paralelas del 
cuerpo:


SPECT: Single Photon Emission Computed Tomography

PET: Positron Emission Tomography
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Principio de funcionamiento
Introducción

La información fisiológica del órgano o sistema bajo 
estudio se obtiene mediante el estudio de:


La distribución espacial del radioisótopo

El ritmo de incorporación y/o eliminación del 
radioisótopo en el órgano
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Radioactividad
Los núcleos atómicos contienen una combinación 
determinada de protones y neutrones.


El número de protones (número atómico, Z) define las 
propiedades químicas de cada elemento.


Los isótopos son elementos cuyos núcleos tienen el 
mismo número de protones pero distinto número de 
neutrones.

Los radioisótopos son isótopos con un núcleo 
inestable (por exceso o defecto de neutrones).


La radioactividad es el proceso por el cual estos 
isótopos se transforman en elementos estables.
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Desintegración radioactiva
Radioactividad

En el proceso de desintegración, el radioisótopo 
pierde energía en forma de partículas o radiación 
electromagnética (rayos γ).


El modo en que un radioisótopo se desintegra puede 
ser:


Por emisión o captura de un nucleón: neutrones y 
protones

Por emisión o captura de partículas β: electrones y 
positrones.
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Modos de desintegración radioactiva
Radioactividad

La transformación o desintegración del radioisótopo 
se produce por diversos mecanismos:


Emisión de partículas α 
Emisión de partículas β- (electrones) 
Emisión de partículas β+ (positrones) 
Captura de electrón 

Esta desintegración se suele acompañar de la 
emisión de rayos γ
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Emisión de partículas α
Radioactividad

Una partícula α es un núcleo de Helio (dos protones 
y dos neutrones) con carga positiva.

Es una partícula muy energética (3-7 MeV) pero con 
un rango de actuación muy corto.


No se usa en diagnóstico médico, sólo en radioterapia.

Chapter 5: Nuclear medicine imaging

with emission or capture of nucleons, i.e., neutrons
and protons, and decays with emission or capture of
β-particles, i.e, electrons and positrons.

Nucleon emission or capture
Nucleon emission or capture is not used in imaging
because these particles cause heavy damage to tissue
due to their high kinetic energy. Instead they can be
used in radiotherapy for tumor irradiation.

An example is neutron capture therapy, which
exploits the damaging properties of α-particles. An
α-particle is a helium nucleus, which consists of two
protons and two neutrons. It results from the decay of
an unstable atom X into atom Y as follows:

A
ZX→A−4

Z−2 Y +4
2 He2+. (5.1)

If X hasmass number∗ A and atomic number† Z , then
Y has mass number A − 4 and atomic number Z − 2.
The α-particle 4

2He2+ is a heavy particle with a typ-
ical kinetic energy of 3–7 MeV. This kinetic energy
is rapidly released when interacting with tissue. The
range of an α-particle is only 0.01 to 0.1 mm in water
and soft tissue. In order to irradiate a deeply located
tumor, neutron capture therapy can be applied. Neu-
trons, produced by a particle accelerator, penetrate
deeply into the tissue until captured by a chemical
component injected into the tumor. At that moment
α-particles are released:

A
ZX + n→ A+1

ZX + γ→A−3
Z−2 Y +4

2 He2+. (5.2)

The radioactive decay modes discussed below are
all used in nuclear medicine imaging. Depending on
the decay mode, a β-particle is emitted or captured
and one or a pair of γ-rays is emitted in each event.

∗ The mass number is the sum of the number of nucleons, i.e.,
neutrons and protons.
† The atomic number is the number of protons. Isotopes of a chem-
ical element have the same atomic number (number of protons in
the nucleus) but have different mass numbers (from having differ-
ent numbers of neutrons in the nucleus). Examples are 12C and 14C
(6 protons and 6 respectively 8 neutrons). Different isotopes of the
same element cannot have the same mass number, but isotopes of
different elements often do have the same mass number. Examples
are 99Mo and 99Tc, 14C (6 protons and 8 neutrons) and 14N (7
protons and 7 neutrons).

Electron β− emission
In this process, a neutron is transformed essentially
into a proton and an electron (called a β−-particle):

A
ZX→ A

Z+1 Y + e−

n→ p+ + e−. (5.3)

Because the number of protons is increased, this trans-
mutation process corresponds to a rightward step in
Mendelejev’s table.

In some cases the resulting daughter product of the
preceding transmutation can still be in a metastable
state AmY. In that case it decays further with a certain
delay to a more stable nuclear arrangement, releas-
ing the excess energy as one or more γ-photons. The
nucleons are unchanged, thus there is no additional
transmutation in decay from excited to ground state.

Because β-particles damage the tissue and have no
diagnostic value, preference in imaging is given to
metastable radionuclides, which are pure sources of
γ-rays. The most important single-photon tracer,
99mTc, is an example of this mode. 99mTc is a
metastable daughter product of 99Mo (half-life =
66 hours). 99mTc decays to 99Tc (half-life = 6 hours)
by emitting a photon of 140 keV. The half-life is the
time taken to decay to half of its initial quantity.

Electron capture (EC)
Essentially, an orbital electron is captured and com-
bined with a proton to produce a neutron:

A
ZX + e− → A

Z−1 Y
p+ + e− → n. (5.4)

Note that EC causes transmutation toward the left-
most neighbor in Mendelejev’s table. An example of
a single-photon tracer of this kind used in imaging is
123I with a half-life of 13 hours.

The daughter emits additional energy as γ-
photons. Similar to β− emission it can be metastable,
which is characterized by a delayed decay.

Positron emission (β+ decay)
Aproton is transformed essentially into a neutron and
a positron (or anti-electron):

A
ZX→ A

Z−1 Y + e+

p+→ n + e+. (5.5)106
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Emisión de partículas β- (electrones)
Radioactividad

Un radioisótopo con exceso de neutrones pierde 
energía y se convierte en estable transformando un 
neutrón en un protón y un electrón.

El electrón es expulsado del núcleo con mucha 
energía.

!

!

Algunos radioisótopos se transforman en un 
elemento metaestable, que más tarde se estabiliza 
emitiendo un rayo gamma (p.ej. el 99mTc)

Chapter 5: Nuclear medicine imaging

with emission or capture of nucleons, i.e., neutrons
and protons, and decays with emission or capture of
β-particles, i.e, electrons and positrons.

Nucleon emission or capture
Nucleon emission or capture is not used in imaging
because these particles cause heavy damage to tissue
due to their high kinetic energy. Instead they can be
used in radiotherapy for tumor irradiation.

An example is neutron capture therapy, which
exploits the damaging properties of α-particles. An
α-particle is a helium nucleus, which consists of two
protons and two neutrons. It results from the decay of
an unstable atom X into atom Y as follows:

A
ZX→A−4

Z−2 Y +4
2 He2+. (5.1)

If X hasmass number∗ A and atomic number† Z , then
Y has mass number A − 4 and atomic number Z − 2.
The α-particle 4

2He2+ is a heavy particle with a typ-
ical kinetic energy of 3–7 MeV. This kinetic energy
is rapidly released when interacting with tissue. The
range of an α-particle is only 0.01 to 0.1 mm in water
and soft tissue. In order to irradiate a deeply located
tumor, neutron capture therapy can be applied. Neu-
trons, produced by a particle accelerator, penetrate
deeply into the tissue until captured by a chemical
component injected into the tumor. At that moment
α-particles are released:

A
ZX + n→ A+1

ZX + γ→A−3
Z−2 Y +4

2 He2+. (5.2)

The radioactive decay modes discussed below are
all used in nuclear medicine imaging. Depending on
the decay mode, a β-particle is emitted or captured
and one or a pair of γ-rays is emitted in each event.

∗ The mass number is the sum of the number of nucleons, i.e.,
neutrons and protons.
† The atomic number is the number of protons. Isotopes of a chem-
ical element have the same atomic number (number of protons in
the nucleus) but have different mass numbers (from having differ-
ent numbers of neutrons in the nucleus). Examples are 12C and 14C
(6 protons and 6 respectively 8 neutrons). Different isotopes of the
same element cannot have the same mass number, but isotopes of
different elements often do have the same mass number. Examples
are 99Mo and 99Tc, 14C (6 protons and 8 neutrons) and 14N (7
protons and 7 neutrons).

Electron β− emission
In this process, a neutron is transformed essentially
into a proton and an electron (called a β−-particle):

A
ZX→ A

Z+1 Y + e−

n→ p+ + e−. (5.3)

Because the number of protons is increased, this trans-
mutation process corresponds to a rightward step in
Mendelejev’s table.

In some cases the resulting daughter product of the
preceding transmutation can still be in a metastable
state AmY. In that case it decays further with a certain
delay to a more stable nuclear arrangement, releas-
ing the excess energy as one or more γ-photons. The
nucleons are unchanged, thus there is no additional
transmutation in decay from excited to ground state.

Because β-particles damage the tissue and have no
diagnostic value, preference in imaging is given to
metastable radionuclides, which are pure sources of
γ-rays. The most important single-photon tracer,
99mTc, is an example of this mode. 99mTc is a
metastable daughter product of 99Mo (half-life =
66 hours). 99mTc decays to 99Tc (half-life = 6 hours)
by emitting a photon of 140 keV. The half-life is the
time taken to decay to half of its initial quantity.

Electron capture (EC)
Essentially, an orbital electron is captured and com-
bined with a proton to produce a neutron:

A
ZX + e− → A

Z−1 Y
p+ + e− → n. (5.4)

Note that EC causes transmutation toward the left-
most neighbor in Mendelejev’s table. An example of
a single-photon tracer of this kind used in imaging is
123I with a half-life of 13 hours.

The daughter emits additional energy as γ-
photons. Similar to β− emission it can be metastable,
which is characterized by a delayed decay.

Positron emission (β+ decay)
Aproton is transformed essentially into a neutron and
a positron (or anti-electron):

A
ZX→ A

Z−1 Y + e+

p+→ n + e+. (5.5)106
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Emisión de partículas β + (positrones)
Radioactividad

Un radioisótopo con déficit de neutrones pierde 
energía y se convierte en estable transformando un 
protón en un neutrón y un positrón.

!

!

!

El positrón rápidamente colisiona con un electrón 
aniquilándose mutuamente y emitiendo un par de 
fotones de 511 keV en direcciones opuestas.

Chapter 5: Nuclear medicine imaging

with emission or capture of nucleons, i.e., neutrons
and protons, and decays with emission or capture of
β-particles, i.e, electrons and positrons.

Nucleon emission or capture
Nucleon emission or capture is not used in imaging
because these particles cause heavy damage to tissue
due to their high kinetic energy. Instead they can be
used in radiotherapy for tumor irradiation.

An example is neutron capture therapy, which
exploits the damaging properties of α-particles. An
α-particle is a helium nucleus, which consists of two
protons and two neutrons. It results from the decay of
an unstable atom X into atom Y as follows:

A
ZX→A−4

Z−2 Y +4
2 He2+. (5.1)

If X hasmass number∗ A and atomic number† Z , then
Y has mass number A − 4 and atomic number Z − 2.
The α-particle 4

2He2+ is a heavy particle with a typ-
ical kinetic energy of 3–7 MeV. This kinetic energy
is rapidly released when interacting with tissue. The
range of an α-particle is only 0.01 to 0.1 mm in water
and soft tissue. In order to irradiate a deeply located
tumor, neutron capture therapy can be applied. Neu-
trons, produced by a particle accelerator, penetrate
deeply into the tissue until captured by a chemical
component injected into the tumor. At that moment
α-particles are released:

A
ZX + n→ A+1

ZX + γ→A−3
Z−2 Y +4

2 He2+. (5.2)

The radioactive decay modes discussed below are
all used in nuclear medicine imaging. Depending on
the decay mode, a β-particle is emitted or captured
and one or a pair of γ-rays is emitted in each event.

∗ The mass number is the sum of the number of nucleons, i.e.,
neutrons and protons.
† The atomic number is the number of protons. Isotopes of a chem-
ical element have the same atomic number (number of protons in
the nucleus) but have different mass numbers (from having differ-
ent numbers of neutrons in the nucleus). Examples are 12C and 14C
(6 protons and 6 respectively 8 neutrons). Different isotopes of the
same element cannot have the same mass number, but isotopes of
different elements often do have the same mass number. Examples
are 99Mo and 99Tc, 14C (6 protons and 8 neutrons) and 14N (7
protons and 7 neutrons).

Electron β− emission
In this process, a neutron is transformed essentially
into a proton and an electron (called a β−-particle):

A
ZX→ A

Z+1 Y + e−

n→ p+ + e−. (5.3)

Because the number of protons is increased, this trans-
mutation process corresponds to a rightward step in
Mendelejev’s table.

In some cases the resulting daughter product of the
preceding transmutation can still be in a metastable
state AmY. In that case it decays further with a certain
delay to a more stable nuclear arrangement, releas-
ing the excess energy as one or more γ-photons. The
nucleons are unchanged, thus there is no additional
transmutation in decay from excited to ground state.

Because β-particles damage the tissue and have no
diagnostic value, preference in imaging is given to
metastable radionuclides, which are pure sources of
γ-rays. The most important single-photon tracer,
99mTc, is an example of this mode. 99mTc is a
metastable daughter product of 99Mo (half-life =
66 hours). 99mTc decays to 99Tc (half-life = 6 hours)
by emitting a photon of 140 keV. The half-life is the
time taken to decay to half of its initial quantity.

Electron capture (EC)
Essentially, an orbital electron is captured and com-
bined with a proton to produce a neutron:

A
ZX + e− → A

Z−1 Y
p+ + e− → n. (5.4)

Note that EC causes transmutation toward the left-
most neighbor in Mendelejev’s table. An example of
a single-photon tracer of this kind used in imaging is
123I with a half-life of 13 hours.

The daughter emits additional energy as γ-
photons. Similar to β− emission it can be metastable,
which is characterized by a delayed decay.

Positron emission (β+ decay)
Aproton is transformed essentially into a neutron and
a positron (or anti-electron):

A
ZX→ A

Z−1 Y + e+

p+→ n + e+. (5.5)106
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Captura de electrones
Radioactividad

Un protón captura un electrón de la órbita K 
convirtiéndose en un neutrón: 

!

!

El isótopo producido emite radiación X característica 
al cubrirse el hueco del e- en la órbita K.


La energía adicional es emitida en forma de rayos γ.

Esta emisión puede ser metaestable, caracterizada por 
un retardo en su desintegración.

Chapter 5: Nuclear medicine imaging

with emission or capture of nucleons, i.e., neutrons
and protons, and decays with emission or capture of
β-particles, i.e, electrons and positrons.

Nucleon emission or capture
Nucleon emission or capture is not used in imaging
because these particles cause heavy damage to tissue
due to their high kinetic energy. Instead they can be
used in radiotherapy for tumor irradiation.

An example is neutron capture therapy, which
exploits the damaging properties of α-particles. An
α-particle is a helium nucleus, which consists of two
protons and two neutrons. It results from the decay of
an unstable atom X into atom Y as follows:

A
ZX→A−4

Z−2 Y +4
2 He2+. (5.1)

If X hasmass number∗ A and atomic number† Z , then
Y has mass number A − 4 and atomic number Z − 2.
The α-particle 4

2He2+ is a heavy particle with a typ-
ical kinetic energy of 3–7 MeV. This kinetic energy
is rapidly released when interacting with tissue. The
range of an α-particle is only 0.01 to 0.1 mm in water
and soft tissue. In order to irradiate a deeply located
tumor, neutron capture therapy can be applied. Neu-
trons, produced by a particle accelerator, penetrate
deeply into the tissue until captured by a chemical
component injected into the tumor. At that moment
α-particles are released:

A
ZX + n→ A+1

ZX + γ→A−3
Z−2 Y +4

2 He2+. (5.2)

The radioactive decay modes discussed below are
all used in nuclear medicine imaging. Depending on
the decay mode, a β-particle is emitted or captured
and one or a pair of γ-rays is emitted in each event.

∗ The mass number is the sum of the number of nucleons, i.e.,
neutrons and protons.
† The atomic number is the number of protons. Isotopes of a chem-
ical element have the same atomic number (number of protons in
the nucleus) but have different mass numbers (from having differ-
ent numbers of neutrons in the nucleus). Examples are 12C and 14C
(6 protons and 6 respectively 8 neutrons). Different isotopes of the
same element cannot have the same mass number, but isotopes of
different elements often do have the same mass number. Examples
are 99Mo and 99Tc, 14C (6 protons and 8 neutrons) and 14N (7
protons and 7 neutrons).

Electron β− emission
In this process, a neutron is transformed essentially
into a proton and an electron (called a β−-particle):

A
ZX→ A

Z+1 Y + e−

n→ p+ + e−. (5.3)

Because the number of protons is increased, this trans-
mutation process corresponds to a rightward step in
Mendelejev’s table.

In some cases the resulting daughter product of the
preceding transmutation can still be in a metastable
state AmY. In that case it decays further with a certain
delay to a more stable nuclear arrangement, releas-
ing the excess energy as one or more γ-photons. The
nucleons are unchanged, thus there is no additional
transmutation in decay from excited to ground state.

Because β-particles damage the tissue and have no
diagnostic value, preference in imaging is given to
metastable radionuclides, which are pure sources of
γ-rays. The most important single-photon tracer,
99mTc, is an example of this mode. 99mTc is a
metastable daughter product of 99Mo (half-life =
66 hours). 99mTc decays to 99Tc (half-life = 6 hours)
by emitting a photon of 140 keV. The half-life is the
time taken to decay to half of its initial quantity.

Electron capture (EC)
Essentially, an orbital electron is captured and com-
bined with a proton to produce a neutron:

A
ZX + e− → A

Z−1 Y
p+ + e− → n. (5.4)

Note that EC causes transmutation toward the left-
most neighbor in Mendelejev’s table. An example of
a single-photon tracer of this kind used in imaging is
123I with a half-life of 13 hours.

The daughter emits additional energy as γ-
photons. Similar to β− emission it can be metastable,
which is characterized by a delayed decay.

Positron emission (β+ decay)
Aproton is transformed essentially into a neutron and
a positron (or anti-electron):

A
ZX→ A

Z−1 Y + e+

p+→ n + e+. (5.5)106
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Desintegración radioactiva
Radioactividad

La cantidad de radioactividad se mide como el 
número de transformaciones radioactivas que 
ocurren por segundo.


Unidad SI: Bequerel (Bq), equivale a 1 desintegración/s

Unidad tradicional: Curie (Ci), 1 mCi = 37 MBq


La desintegración radioactiva es un proceso 
estocástico, pero siempre se cumple que la 
actividad decrece en fracciones constantes por cada 
intervalo de tiempo:

λ: constante de desintegración
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Desintegración radioactiva
Radioactividad

Chapter 5: Nuclear medicine imaging

After a very short time (∼10−9 s) and within a few
millimeters of the site of its origin, the positron hits an
electron and annihilates (Figure 5.1). The mass of the
twoparticles is converted into energy, which is emitted
as two photons. These photons are emitted in oppo-
site directions. Each photon has an energy of 511 keV,
which is the rest mass of an electron or positron.
This physical principle is the basis of positron emis-
sion tomography (PET). An example of a positron
emitter used in imaging is 18F with a half-life of
109 minutes.

As in β− emission and EC, the daughter nucleus
may further emit γ-photons, but they have no diag-
nostic purpose in PET.

As a rule of thumb, light atoms tend to emit
positrons, and heavy ones tend to prefer other modes,
but there are exceptions.

Statistics
In nuclear medicine imaging, the number of detected
photons is generally much smaller than in X-ray

511 keV

511 keV

Figure 5.1 Schematic representation of a positron–electron
annihilation. When a positron comes in the neighborhood of an
electron, the two particles are converted into a pair of photons,
each of 511 keV, which travel in opposite directions.

t

N(t)

37%

50%

T1/2
t

N(0)

Figure 5.2 Exponential decay. τ is the time constant and T1/2 the
half-life.

imaging. Consequently, noise plays a more important
role here, and the imaging process is often considered
to be stochastic.

The exactmoment at which an atomdecays cannot
be predicted. All that is known is its decay probability
per time unit, which is an isotope dependent constant
α. Consequently, the decay per time unit is

dN (t )

dt
= −αN (t ), (5.6)

where N (t ) is the number of radioactive isotopes
at time t . Solving this differential equation yields
(see Figure 5.2)

N (t ) = N (t0)e−α(t−t0) = N (t0)e−(t−t0)/τ . (5.7)

τ = 1/α is the time constant of the exponential decay.
Note that N (t ) is the expected value. During a mea-
surement a different value may be found because the
process is statistical. The larger N is, the better the
estimate will be. Using Eq. (5.7) and replacing t by
the half-life T1/2 and t0 by 0 yields

N (T1/2) = N (0)e−T1/2/τ = 1
2

N (0)

−T1/2/τ = ln 1
2

= − ln 2

T1/2 = τ ln 2 = 0.69τ . (5.8)

Depending on the isotope the half-life varies between
fractions of seconds and billions of years.

Note that the presence of radioactivity in the body
depends not only on the radioactive decay but also on
biological excretion. Assuming a biological half-life
TB, the effective half-life TE can be calculated as

1
TE

= 1
TB

+ 1
T1/2

. (5.9)

Currently the preferred unit of radioactivity is the
becquerel (Bq). The curie (Ci) is the older unit.∗ One
Bqmeans one expected event per second and 1mCi =
37 MBq. Typical doses in imaging are on the order of
102 MBq.

It can be shown that the probability of measuring
n photons when r photons are expected, equals

pr (n) = e−r rn

n! . (5.10)

∗ Marie and Pierre Curie and Antoine Becquerel received the Nobel
Prize in 1903 for their discovery of radioactivity in 1896.

107
La desintegración radioactiva decae exponencialmente
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Desintegración radioactiva
Radioactividad

Tiempo de vida media:

Es el tiempo que tarda un radioisótopo en disminuir su 
actividad de desintegración a la mitad.

!

Tiempo de vida media efectivo:

En el cuerpo humano, el metabolismo acelera la 
velocidad de eliminación del radiofármaco con su propia 
constante tbiol


El efecto conjunto de ambos reduce la vida media 
efectiva del radiofármaco a:
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Radiofármacos
Compuesto químico, inocuo al organismo, que se 
usa como soporte de un radioisótopo para dirigirlo a 
un órgano o sistema específico.

El compuesto químico seleccionado se marca 
sustituyendo uno de sus átomos por un radioisótopo 
emisor puro de rayos γ.

En el caso del PET, se usan radioisótopos emisores 
de positrones.
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Características deseables
Radiofármacos

Características deseables del radioisótopo:

T½ corto (pocas horas)

Desintegración en un elemento estable o de T½ muy largo

Emisión de rayos γ exclusivamente (en el rango de 50 a 
300 keV, idealmente 150 keV y monoenergéticos)

De fácil y firme adhesión al fármaco

Disponible fácilmente en los centros de diagnóstico

Actividad específica elevada
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Características deseables
Radiofármacos

Características deseables del radiofármaco:

Que se localice rápida y mayoritariamente en el órgano o 
tejido de interés

Que la velocidad de eliminación sea cercana a la 
duración del estudio

Baja toxicidad

Producto estable in vitro e in vivo 
Fácil y barato de obtener en las dosis adecuadas para 
cada paciente
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Radiofármacos
Radiofármacos de emisión γ

Z RADIOISÓTOPO T keV
24 Cromo-51 28 d 320
27 Cobalto-57 270 d 122

Cobalto-60 5,27 a 1332
31 Galio-67 79,2 h 92, 184, 296
34 Selenio-75 120 d 265
38 Estroncio-87m 2,8 h 388
43 Tecnecio-99m 6 h 140
49 Indio-111 2,8 d 173, 247

Indio-113m 1,73 h 393
53 Yodo-123 13,3 h 159

Yodo-125 60 d 35,27
Yodo-131 8,04 d 364

54 Xenon-133 5,3 d 81
55 Cesio-137 30 a 662
80 Mercurio-197 2,7 d 77
81 Talio-201 73 h 135,167
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Radiofármacos
Radiofármacos emisores de positrones

RADIOISÓTOPO T 
Fluor-18 110 min

Carbono-11 20 min

Nitrógeno-13 10 min

Oxígeno-15 2 min

Rubidio-82 75 s

Tecnecio-94m 50 min
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Producción de radiofármacos
Radiofármacos

Captura de neutrones / Fisión nuclear 
Utilizan un pequeño reactor nuclear, que bombardea un 
elemento con neutrones de alta energía (100 MeV)

Se usa para generar el 99Mo (elemento padre del 99mTc)


Bombardeo con partículas cargadas 
Utilizan un acelerador de partículas (cyclotron)

Se usa para generar el 201Ti, 67Ga, 111In y 123I


Generadores de radioisótopos in-situ 
Utilizan un radioisótopo con T½ largo que se desintegra en 
radioisótopos de T½ corto que son recogidos diariamente 
(p. ej., 99mTc)



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

Utilización de radiofármacos
Radiofármacos

El I se utiliza en estudios del tiroides y renales.

El 133Xe y el 81mKr se utilizan inhalados para estudios 
pulmonares.

El 67Ga se utiliza para detectar tumores y abscesos, 
al adherirse a las proteínas del plasma.

El 111In (y 113mIn) marca los glóbulos blancos y 
plaquetas, por lo que se utiliza para localizar 
abscesos y trombosis.

Con mucho, el radiofármaco más utilizado es el 
99mTc.
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La cámara gamma
Imagen planar

La cámara gamma es un 
aparato que permite obtener 
imágenes de la distribución 
del radiofármaco en el 
cuerpo humano.

Planar Scintigraphy Gamma Camera

Gamma/Anger Camera Components

Jerry L. Prince (Johns Hopkins University) Medical Imaging Signals and Systems August 20, 2009 226 / 412
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La cámara gamma
Imagen planar

Está formada por un conjunto de tubos 
multiplicadores.

Cada conjunto de tubos mide la respuesta del 
impacto de cada fotón como (Z, X, Y) 


Z es la energía del impacto

X y Z son las coordenadas

Planar Scintigraphy Gamma Camera

Photomultiplier Tube Array

Jerry L. Prince (Johns Hopkins University) Medical Imaging Signals and Systems August 20, 2009 229 / 412

Planar Scintigraphy Gamma Camera

Pulse Height
Response to single gamma ray photon

PMT responses, a
k

, k = 1; : : : ;K

Total response of cammera is Z -pulse

Z =
K

X

k=1

a
k

Height of Z pulse is important
I Can remove Compton photons
I Can reject multiple hits

Jerry L. Prince (Johns Hopkins University) Medical Imaging Signals and Systems August 20, 2009 231 / 412
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La cámara gamma
Imagen planar

Análisis de la altura del pulso

La cámara detecta la energía de cada fotón.


Permite discriminar efecto Compton

Permite eliminar impactos múltiples

Planar Scintigraphy Gamma Camera

Pulse Height Analysis

Discriminator circuit rejects
non-photopeak events

Jerry L. Prince (Johns Hopkins University) Medical Imaging Signals and Systems August 20, 2009 232 / 412
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La cámara gamma
Imagen planar

Lógica de posicionamiento del pulso

A partir de las lecturas de los PMT se localiza el centro 
de masas de la respuesta:

Planar Scintigraphy Gamma Camera

Event Positioning Logic
Tube centers at (x

k

; y
k

) k = 1; : : : ;K

Center of mass of pulse responses is

X =
1

Z

K

X

k=1

x
k

a
k

Y =
1

Z

K

X

k=1

y
k

a
k

This is pulse location

Jerry L. Prince (Johns Hopkins University) Medical Imaging Signals and Systems August 20, 2009 233 / 412
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Cámara gamma
Imagen planar

Chapter 5: Nuclear medicine imaging

Figure 5.7 99mTc-MDP study acquired with a dual-head gamma
camera. The detector size is about 40× 50 cm, and the whole-body
images are acquired with slow translation of the patient bed. MDP
accumulates in bone, yielding images of increased bone
metabolism. As a result of the attenuation, the spine is more visible
in the lower, posterior image. (Courtesy of Department of Nuclear
Medicine.)

photons for SPECT is given by Eq. (5.15) and for PET
by Eq. (5.16). In both equations, there is an attenu-
ation factor that prevents straightforward application
of Fourier reconstruction or filtered backprojection
(which are very successful in CT). For example, at 140
keV, every 5 cmof tissue absorbs about 50%of the pho-
tons. Hence, in order to apply the projection theorem,
this attenuation effect must be corrected.

In Chapter 3 on CT, we have already seen how
to measure and calculate the linear attenuation coef-
ficient µ by means of a transmission scan. In order
to measure the attenuation, an external radioactive
source that rotates around the patient can be used. The
SPECT or PET system thus performs a transmission
measurement just like a CT scanner. If the external
source in position d1 emits N0 photons along the s-
axis, the detected fraction of photons at the other side
of the patient in position d2 is

N (d2)

N0
= e−

∫ d2
d1

µ(s) ds . (5.18)

This is exactly the attenuation factor for PET in
Eq. (5.16). It means that a correction for the atten-
uation in PET can be performed by multiplying
the emission measurement N (d1, d2) with the factor
N0/N (d2). Consequently, Fourier reconstruction or
filtered backprojection can be applied.

For SPECT, however, this is not possible. In
the literature it has been shown that under certain
conditions, the projection theorem can still be used

(i.e., if the attenuation is assumed to be a known
constant within a convex body contour (such as the
head)). Often, a fair body contour can be obtained by
segmenting a reconstructed image obtained without
attenuation correction. An alternative solution is to
use iterative reconstruction, as discussed below. How-
ever, in clinical practice, attenuation is often simply
ignored, and filtered backprojection is straightfor-
wardly applied. This results in severe reconstruction
artifacts. Nevertheless, it turns out that these images
still provide very valuable diagnostic information for
an experienced physician.

Iterative reconstruction
The attenuation problem in SPECT is not the only
reason to approach the reconstruction as an iterative
procedure. Indeed, the actual acquisition data dif-
fer considerably from ideal projections because they
suffer from a significant amount of Poisson noise,
yielding hampering streak artifacts (cf. Figure 3.21(b)
for CT).

Several iterative algorithms exist. In this text,
a Bayesian description of the problem is assumed,
yielding the popular maximum-likelihood (ML) and
maximum-a-posteriori (MAP) algorithms. It is fur-
ther assumed that both the solution and the measure-
ments are discrete values.

Bayesian approach
Assume that a reconstructed image ! is computed
from the measurement Q. Bayes’ rule states

p(!|Q) = p(Q |!)p(!)

p(Q)
. (5.19)

The function p(!|Q) is the posterior probability, p(!)

the prior probability and p(Q|!) the likelihood. Max-
imizing p(!|Q) is called the maximum-a-posteriori
probability (MAP) approach. It yields the most likely
solution given a measurement Q.

When maximizing p(!|Q), the probability p(Q)

is constant and can be ignored. Because it is not
trivial to find good mathematical expressions for
the prior probability p(!), it is often also assumed
to be constant (i.e., it is assumed that a priori all
possible solutions have the same probability to be
correct). Maximizing p(!|Q) is then reduced to max-
imizing the likelihood p(Q |!). This is called the
maximum-likelihood (ML) approach.

112
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Parámetros de calidad
Características de la imagen

Uniformidad del detector

Resolución espacial

Relación señal/ruido

Sensibilidad y resolución de energía

Contraste
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Uniformidad del detector
Características de la imagen

Una cámara gamma debe dar una respuesta 
uniforme ante un campo uniforme.


Causas de no-uniformidad:

Fotomultiplicador defectuoso

Cristal centelleador roto o dañado

Contaminación por radiación de fondo

Colimador desplazado
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Resolución espacial
Características de la imagen

Es la habilidad del sistema para separar dos fuentes 
de radiación cercanas.


Se define como la mínima distancia entre fuentes que 
permite diferenciarlas.

Es la contribución conjunta de:


Resolución intrínseca de la cámara (cristal, 
fotomultiplicadores y lógica de posicionamiento del haz)

Resolución del colimador (produce emborronamiento)

Resolución del sistema: tiene en cuenta la dispersión de la 
radiación dentro del paciente y la distancia a la fuente


EN MN se suele expresar como el FWHM (full width half 
maximum) del line spread function (LSF)
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Resolución espacial
Características de la imagen
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Resolución espacial
Características de la imagen

relación entre distancia a la fuente y 
resolución

El colimador sólo acepta los fotones 
que llegan en un ángulo sólido muy 
pequeño.

Por tanto, el FWHM de la función de 
dispersión (PSF) aumenta linealmente 
con la distancia de la fuente al 
colimador 
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Relación Señal/Ruido
Características de la imagen

La actividad radioactiva es estocástica: El SNR es 
proporcional a la raíz del número de fotones 
detectados.


A mayor radiación, mejor SNR.

La cantidad de radiación administrada está limitada por la 
dosis aceptable en el paciente.

La actividad radioactiva se distribuye por todo el paciente. 
Sólo el 20% se concentra en el órgano de interés.

Los tejidos atenúan la radiación que sale al exterior.

Los rayos γ se emiten isotrópicamente: sólo uno pocos 
atraviesan el colimador de la cámara.

El tiempo de integración de la cámara está limitado por una 
serie de factores.
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Relación Señal/Ruido
Características de la imagen

El ruido es siempre el principal factor que limita la calidad de 
las imágenes de cámara gamma.
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Sensibilidad y resolución de energía
Características de la imagen

La sensibilidad mide el número de cuentas en una 
unidad de tiempo por actividad radioactiva.


Unidades: cuentas por segundo / MBq

Depende del cristal, la sensibilidad del detector y el 
colimador:


Por debajo de 100 keV, la sensibilidad intrínseca (cristal y 
detector) es prácticamente del 100%. Por encima depende del 
grosor del cristal.

Normalmente el colimador es el factor limitador:


A mayor resolución espacial, menor sensibilidad
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Sensibilidad y resolución de energía
Características de la imagen

relación entre sensibilidad y resolución
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Contraste
Características de la imagen

Mide la diferencia relativa entre la concentración del 
radiofármaco en el tejido normal  y el patológico.

Depende del número de cuentas adquiridas (nivel de 
ruido).


Se puede mejorar el contraste:

reduciendo el ruido (con mayor dosis de radiación)

mejorando la sensibilidad (a costa de reducir la resolución 
espacial)
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Single Photon Emission Computed Tomography
Tomografía SPECT

Imágenes tomográficas de la distribución del 
radiofármaco:


Obtienen la distribución en una sección (corte) del 
paciente


Proporcionan información funcional (metabolismo)

Mejor CNR que las imágenes planas (factor de 5 ó 6)

Peor resolución espacial, debido al menor conteo de fotones 
(alrededor de 1 cm) y los problemas de atenuación de la 
emisión
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Single Photon Emission Computed Tomography
Tomografía SPECT

El equipo está formado por varias cámaras gamma

las cámaras giran alrededor del paciente en círculo o 
elipticamente

Posiciones de aquisición:


60 a 64 para una matriz de 64 x 64 píxeles

120 a 128 para una matriz de 128 x 128 píxeles
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Single Photon Emission Computed Tomography
Tomografía SPECT

Conforme las cámaras giran, se van adquiriendo 
imágenes del paciente


Las imágenes son corregidas respecto a la radiación dispersa 
y la atenuación

Se forma la imagen por retroproyección filtrada o por 
algoritmos iterativos

Se pueden generar imágenes de un corte o una reconstrucción 
tridimensional directa
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Tomografía SPECT
Colimación de los fotones


En imágenes por Rayos X, el origen de cada fotón es 
conocido, lo que define una línea de proyección entre la fuente 
y el detector.

En medicina nuclear, el origen del fotón es desconocido, lo 
que hace necesario colimar el haz para determinar esta 
información espacial.

Las cámaras gamma de los equipos SPECT tienen un 
colimador mecánico formado por una plancha de plomo con 
pequeños agujeros.


Esta colimación reduce mucho la sensibilidad del equipo.

Single Photon Emission Computed Tomography
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Tomografía SPECT
Colimación de los fotones

Chapter 5: Nuclear medicine imaging

g g
g

(a) (b)

Figure 5.5 Principle of collimation in (a)
SPECT and (b) PET. In SPECT collimation is
done with mechanical collimators, while
in PET photon pairs are detected by
electronic coincidence circuits
connecting pairs of detectors.

(a) (b)

Figure 5.6 Raw PET data organized as
projections (a) and as a sinogram (b).
Typically, there are a few hundred
projections, one for each projection
angle, and about a hundred sinograms,
one for each slice through the patient’s
body. (Courtesy of the Department of
Nuclear Medicine.)

sensitivity in PET is higher than that of single-photon
imaging systems because no photons are absorbed by
a lead collimator.

In summary, both in PET and in SPECT, informa-
tion about lines is acquired. As in CT, these projection
lines are used as input to the reconstruction algorithm.
Figure 5.6 shows an example of the rawdata, which can
be organized as projections or as sinograms.

Photon position
To increase the sensitivity, the detector area around
the patient should be as large as possible. A large detec-
tor can be constructed by covering one side of a single
large crystal (e.g., 50× 40× 1 cm) with a densematrix
(30 to 70) of PMTs (a few centimeters width each).
Light photons from a single scintillation are picked up
bymultiple PMTs. The energy is thenmeasured as the
sum of all PMT outputs. The position (x , y) where the

photon hits the detector is recovered as

x =
∑

i xiSi∑
i Si

, y =
∑

i yiSi∑
i Si

, (5.14)

where i is the PMT index, (xi , yi) the position of the
PMT, and Si the integral of the PMT output over
the scintillation duration. In this case, the spatial
resolution is limited by statistical fluctuations in the
PMT output.

In a single large crystal design, all PMTs contribute
to the detection of a single scintillation. Consequently,
two photons hitting the crystal simultaneously yield
an incorrect position and energy. Hence, the maxi-
mum count rate is limited by the decay time of the
scintillation event. Multiple, optically separated, crys-
tal modules (e.g., 50mm×50mm), connected to a few
(e.g. 2×2) PMTs, offer a solution to this problem. The
differentmodules operate in parallel, this way yielding

110

Single Photon Emission Computed Tomography
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Tomografía SPECT
Los estudios que se realizan son fundamentalmente:


Miocardio

Flujo sanguíneo cerebral

Problemas óseos

Rastreo de tumores en general

Single Photon Emission Computed Tomography
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Tomografía SPECT
Correcciones de la imagen


Efecto de la dispersión: en MN no hay colimación de la 
emisión, por lo que influye en mayor medida

Efecto de la atenuación: los rayos emitidos se atenúan 
por el propio paciente, con una dependencia espacial

Single Photon Emission Computed Tomography
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Tomografía SPECT
Corrección de la dispersión:


Método de la doble ventana de energías: 
Se mide la cantidad de rayos en la ventana de los rayos γ 
directos y la energía en una subventana de los rayos γ 
dispersos (de menor energía).

A partir de ambos se puede calcular la contribución directa

Cprim = Ctotal −
CsubWm

2Ws

Single Photon Emission Computed Tomography
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Tomografía SPECT
Corrección de la atenuación:


Método de la estimación:

Se asume que la atenuación es invariante espacial, y se 
calcula a partir de una estimación del volumen (medida por 
TAC o RMI)


Método de la fuente patrón:

Se realiza una medida de transmisión mediante una fuente 
radioactiva de 153Gd que permite estimar la distribución 
espacial del coeficiente de atenuación de cada tejido

Single Photon Emission Computed Tomography
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Positron Emission Tomography
Tomografía PET

Técnica tomográfica que detecta la radiación 
producida por un radiofármaco que emite positrones 
(partículas β+).


Los positrones emitidos son aniquilados por un e- 
cercano, produciendo dos rayos γ opuestos a 511 keV.

La detección en coincidencia de ambos rayos aumenta la 
SNR del sistema y su resolución espacial respecto al 
SPECT.
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Para poder detectar en coincidencia los rayos γ se usa un anillo 
completo de detectores (centelleadores) alrededor del paciente.

La posición de la colisión en los dos cristales que detectan el par de 
rayos γ antiparalelos determina una línea de respuesta (LOR).

Funcionamiento
Tomografía PET
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Colimación:

Al igual que en los equipos SPECT, es necesario colimar el haz 
para poder determinar la información espacial de los fotones 
emitidos.

Sin embargo, en el PET no es necesario usar un colimador 
mecánico, ya que la detección en coincidencia de los pares de 
rayos γ antiparalelos permite establecer una línea de respuesta 
de su posición (colimación electrónica).

Tomografía PET
Funcionamiento
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Colimación electrónica:

Tomografía PET

Chapter 5: Nuclear medicine imaging

g g
g

(a) (b)

Figure 5.5 Principle of collimation in (a)
SPECT and (b) PET. In SPECT collimation is
done with mechanical collimators, while
in PET photon pairs are detected by
electronic coincidence circuits
connecting pairs of detectors.

(a) (b)

Figure 5.6 Raw PET data organized as
projections (a) and as a sinogram (b).
Typically, there are a few hundred
projections, one for each projection
angle, and about a hundred sinograms,
one for each slice through the patient’s
body. (Courtesy of the Department of
Nuclear Medicine.)

sensitivity in PET is higher than that of single-photon
imaging systems because no photons are absorbed by
a lead collimator.

In summary, both in PET and in SPECT, informa-
tion about lines is acquired. As in CT, these projection
lines are used as input to the reconstruction algorithm.
Figure 5.6 shows an example of the rawdata, which can
be organized as projections or as sinograms.

Photon position
To increase the sensitivity, the detector area around
the patient should be as large as possible. A large detec-
tor can be constructed by covering one side of a single
large crystal (e.g., 50× 40× 1 cm) with a densematrix
(30 to 70) of PMTs (a few centimeters width each).
Light photons from a single scintillation are picked up
bymultiple PMTs. The energy is thenmeasured as the
sum of all PMT outputs. The position (x , y) where the

photon hits the detector is recovered as

x =
∑

i xiSi∑
i Si

, y =
∑

i yiSi∑
i Si

, (5.14)

where i is the PMT index, (xi , yi) the position of the
PMT, and Si the integral of the PMT output over
the scintillation duration. In this case, the spatial
resolution is limited by statistical fluctuations in the
PMT output.

In a single large crystal design, all PMTs contribute
to the detection of a single scintillation. Consequently,
two photons hitting the crystal simultaneously yield
an incorrect position and energy. Hence, the maxi-
mum count rate is limited by the decay time of the
scintillation event. Multiple, optically separated, crys-
tal modules (e.g., 50mm×50mm), connected to a few
(e.g. 2×2) PMTs, offer a solution to this problem. The
differentmodules operate in parallel, this way yielding
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producción de positrones
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aniquilación
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emisión de rayos γ antiparalelos
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Cristales centelleadores:

Cada bloque de 64 x 64 cristales se une a un grupo de 4 
tubos fotomultiplicadores sensibles a la posición
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Cristales centelleadores:

Los PET más modernos usan cristales de LSO (Lutetium 
Oxyorthosilicate) unidos a fotodiodos de avalancha (APD) 
en lugar de TFM.
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Product News Product News

MR/PET – Advent of a new 
hybrid imaging modality 
These days we are eyewitnesses to an 
exciting new hybrid imaging modality to 
enter the clinical arena, namely simulta-
neous whole-body MR/PET imaging. 
Envisioning the combination of the 
excellent soft tissue contrast, high spa-
tial and temporal resolution, and func-
tional tissue parameters that MR pro-
vides with the high sensitivity of PET, 
different technical approaches have 
been pursued by researchers and by the 
industry to work on the integration of 
two formerly ‘non-integrable’ imaging 
modalities. With the recent introduction 
of the Biograph mMR, Siemens has 
launched a 3.0 Tesla whole-body MR 
hybrid system that hosts in its isocenter 
a fully integrated PET detector and that 
with its 60 cm patient bore enables 
whole-body simultaneous MR/PET 
 imaging.
Researchers, radiologists, and nuclear 
medicine physicians have been waiting 
and actively been working on the advent 
of this hybrid imaging modality for a 
long time [1–3]. A detailed overview 
about the pre-clinical developments, the 

Whole-Body MR/PET Hybrid Imaging: 
Technical Considerations, 
 Clinical Workfl ow, and Initial Results 
Harald H. Quick, PhD1; Ralf Ladebeck, PhD2; Jens-Christoph Georgi, PhD2

1Institute of Medical Physics (IMP), Friedrich-Alexander University Erlangen-Nürnberg, Erlangen, Germany
2Siemens AG Healthcare Sector, Erlangen, Germany

rationale to combine MR and PET as 
well as the steps which were necessary 
for integrating these imaging modalities 
to allow simultaneous scanning can 
be found in the article by Beyer et al. 
‘MR/PET – Hybrid Imaging for the Next 
Decade’, published in the supplement 
of issue 3/2010, RSNA edition of 
 MAGNETOM Flash. Now that whole-body 
MR/PET has entered clinical practice, 
we have a starting point to evaluate the 
full clinical potential of the modality, to 
research for and to validate new imaging 
applications, and to ultimately establish 
this imaging modality in early diagnosis 
of oncologic, neurologic, cardiologic, 
and many more diseases. 
As more and more research and clinical 
sites come on board during the months 
and years ahead, let’s take a first look 
into the technology and explore what 
specifics such an integrated MR/PET 
hybrid system brings with it. We will 
then also explore the workflow of a 
MR/PET whole-body hybrid exam and 
present first image examples from 
clinical findings.

Technical integration of MR 
and PET
The Biograph mMR hybrid imaging 
system fully integrates the MR and the 
PET imaging modality into one imaging 
system. In order to ensure such a high 
level of integration, we have to over-
come numerous physical and technical 
preconditions and challenges. The 
potential physical interactions of both 
modalities in both directions – PET on 
MRI and MRI on PET – are manifold. Full 
integration of a PET system into an MRI 
environment requires technical solutions 
for three groups of potential electro-
magnetic interaction: 
1)  the strong static magnetic B0-field for 

spin alignment, 
2)  the electromagnetic changing fields 

of the gradient system (Gxyz) for spa-
tial signal encoding, and 

3)  the radiofrequency (RF) B1-field for 
MR signal excitation and MR signal 
readout. 

PET hardware and PET signals must not 
be disturbed by any of these fields. 
Equally, for full and unlimited MRI sys-
tem performance, PET must not disturb 
any of these electromagnetic MR fields 
and signals. 
Numerous technical solutions were thus 
required for PET integration into an MRI 
system. The most important key technol-
ogy enabler was the development of 
detectors and photo diodes that are able 
to detect the 511 keV PET gamma 
quanta following an annihilation event 
inside of a strong magnetic field. What 
worked well in established PET and in 
hybrid PET/CT systems in the form of 
scintillation crystal blocks read out by 
photomultiplier tubes (PMT), had to be 

replaced for the MR/PET integration 
since the PMTs are very susceptible to 
magnetic fields. The current detector 
solution for simultaneous MR/PET is a 
combination of Lutetium Oxyorthosili-
cate (LSO) crystals and Avalanche Photo 
Diodes (APD) able to detect gamma 
quanta even inside strong magnetic 
fields and convert the detected events 
from scintillation light to electrical sig-
nals (Fig. 1A) [4]. Another advantage of 
the combination LSO crystal and APD 
diodes compared to PMT is that they do 
not require as much space and thus can 
be integrated inside of an MRI bore. Sie-
mens’ 70 cm magnet bore technology is 
clearly another precondition to integrate 
the PET detectors inside the limited 
space of an MRI system and at the same 
time to leave enough space to eventu-
ally end up with an inner whole-body 
bore diameter of 60 cm – as has been 
clinical standard for MRI magnet bore 

diameter in the past. In the Biograph 
mMR hybrid system, 56 LSO-APD detec-
tor blocks, each with a block area of 
32 x 32 mm2, are aligned circumferen-
tially to form one PET detector ring. 
8 rings form the full PET detector unit, 
spanning a length of 25.8 cm in z-direc-
tion (for comparison: conventional/
standard PET-CT systems have an axial 
field-of-view (FOV) of less than 20 cm 
and high-end PET-CT systems nowadays 
have a FOV of approximately 22 cm). 
Each LSO crystal, which are put together 
to form than the LSO-APD block, has a 
size of 4 x 4 x 20 mm3 which is the finest 
crystal dimension in the market for 
clinical PET systems; the crystal size has 
a direct impact on the achievable PET 
resolution. k The QR code is your direct link to Thomas Beyer's article on 

the history of combining PET with MRI, the rationale to do so 
and challenges which had to be overcome. You will also find 
the article at www.siemens.com/magnetom-world

1 Pet detector assembly for mMR. 64 Lutetium Oxyorthosilicate (LSO) crystals form one block that transforms 511 keV gamma quanta into 
light flashes. Light events in the LSO crystals are detected by a 3x3 array of avalanche photo diodes (ADP). 9-channel preamplifiers and driver 
boards as well as integrated water cooling completes each detector block. This detector assembly is characterized by its small size, can be 
designed free of magnetic components, and performs in strong magnetic fields. 56 such blocks form one detector ring, 8 rings form the PET 
detector assembly in the Biograph mMR that spans a longitudinal field-of-view (FOV) of 25.8 cm. 

LSO array

Avalanche Photo 
Diodes (APD)

Integrated 
Cooling Channels

Crystals

3x3 APD array

9-Channel preamplifier 
ASIC board

9-Channel driver board

1
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Circuito de detección coincidente
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Reconstrucción de imágenes
Tomografía PET

Las imágenes se obtienen por algoritmos iterativos o por 
retroproyección filtrada, después de corregir los datos:


Efectos de la atenuación

Coincidencias múltiples, accidentales o dispersas
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Características de imagen
Tomografía PET

Factores que influyen en la calidad de imagen:

Falta de uniformidad en la eficiencia de detección 
Atenuación de los fotones en el paciente 
Resolución espacial 
Coincidencias aleatorias 
Coincidencias por dispersión 
Errores estadísticos 
Pérdida de cuentas
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Falta de uniformidad en la eficiencia de detección
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Atenuación de los fotones en el paciente
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Corrección de la atenuación:

Asumir un coeficiente de atenuación espacialmente uniforme

Estimar empíricamente la atenuación con una fuente de 
emisión calibrada
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Tomografía PET
Pérdida de cuentas:


Tiempo muerto del detector

El centelleo dura un pequeño instante de tiempo después de 
cada colisión de un fotón.

Durante ese instante no se detectan nuevas colisiones.


 Tiempo muerto de la electrónica entre lecturas

El detector integra durante un intervalo de tiempo, lee la 
intensidad y vuelve a empezar.

Durante el instante de lectura no se pueden contar nuevas 
colisiones.

Características de imagen
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Resolución espacial: la estimación del lugar de la 
colisión no es exacta.
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Factores que afectan a la resolución:

El rango de aniquilación del positron ( de 0.2 a 2 mm)

La desviación respecto a 180º de los rayos γ antiparalelos 
(0.3º, que corresponden a 2.8 mm)

La resolución del detector (de 2 a 4 mm)


La combinación da una resolución global de 3-4 mm 
para anillos pequeños y 4-8 mm para sistemas de 
cuerpo entero
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Rango de aniquilación y no colinealidad
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Tamaño del cristal
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Función de apertura del par detector
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Función de apertura del par detector
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Ejemplos de uso clínico
Medicina Nuclear

Metabolismo óseo 
El 99mTc MDP es afín al crecimiento óseo: marca tumores, 
fracturas, inflamaciones o infecciones en los huesos.


Perfusión del miocardio 
201Tl y 99mTc-Mibi se acumulan en el miocardio de manera 
proporcional al flujo sanguíneo


Embolia pulmonar 
Albúmina marcada con 99mTc o 99mTc inhalado, marcan las 
zonas donde no llega el aire al respirar
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Ejemplos de uso clínico
Medicina Nuclear

Tumores 
El 18FDG (PET) traza el metabolismo de la glucosa, que se 
incrementa notablemente en los tumores


Función tiroidea 
El I se fija en el tiroides, midiendo su función metabólica


Desórdenes neurológicos 
Estudia el metabolismo del cerebro mediante SPECT o 
PET (FDG)
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Ejemplos de uso clínico
Medicina Nuclear

Chapter 5: Nuclear medicine imaging

FWHM

t 2t 1

Figure 5.18 Principle of TOF PET. The position of the annihilation
can be calculated from the difference between the arrival times of
both photons. The uncertainty in measuring this time difference
can be represented by a statistical distribution with FWHM = !t .
The relationship between !t and !x (FWHM of the spatial
uncertainty distribution) is given by Eq. (5.30).

than into the projection space. This theory was pio-
neered in the 1980s and has recently resurged due to
the improvements in detector materials (LSO, LYSO,
LaBr3) and electronic stability. A detailed discussion
of these advances, however, is beyond the scope of this
textbook.

Clinical use
Nuclear medicine is based on the tracer principle.
Small amounts of radioactive-labeled molecules are
administered tomeasure functional parameters of dif-
ferent organs selectively (e.g., perfusion, metabolism,
innervation). Many different tracers exist, and the
number is still increasing.While gamma cameras need
gamma-emitting tracers, PET needs positron emit-
ters. Single-photon emitting atoms tend to be quite
heavy. Typical organic molecules do not contain such
atoms and must therefore be modified by binding
the radioactive atom to the organic molecule. Most
molecules are labeled with 99mTc (half-life 6 hours)
because it is inexpensive and has ideal physical charac-
teristics (short half-life; daughter of 99Mo, which has
a half-life of 66 hours and is continuously available;
ideal γ-ray energy of 140 keV, which is high enough to
leave the body but not too high to penetrate the crys-
tal). Other importantγ-emitting radionuclides are 123I

(half-life 13 hours), 131I (half-life 8 days), 111In (half-
life 3 days), 201Tl (half-life 3 days), and 67Ga (half-life 3
days). Positron emitting tracers are light, have a short
half-life, and can be included in organic molecules
without modifying their chemical characteristics. The
most used in nuclear medicine are 11C (half-life 20
min), 13N (half-life 10 min), 15O (half-life 2 min), and
18F (half-life 109 min). With the exception of 18F they
have to be produced by a cyclotron in the hospital
because of their short half-life.

The most important clinical applications in
nuclear medicine are studies of bone metabolism,
myocardial perfusion and viability, lung embolism,
tumors, and thyroid function.
• Bone metabolism For the exploration of bone

metabolism a 99mTc labeled phosphonate can
be used. It accumulates in proportion to bone
turnover, which is increased by several pathologies,
such as tumors, fractures (Figure 5.19), inflamma-
tions, and infections. A SPECT/CT scanner, com-
bining metabolic information of the SPECT and
anatomic information of the CT, further improves
the diagnostic accuracy of bone disorders.

Planar

Right Lateral

(a) (b)

Figure 5.19 Left: whole-body scintigraphy after injection of
25 mCi 99mTc-labeled methylene diphosponate. This patient suffers
from a stress fracture of the right foot. Right: control scans show an
increased uptake in the metatarsal bone II compatible with a local
stress fracture. (Courtesy of Professor L. Mortelmans, Department of
Nuclear Medicine.)122
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Figure 5.20 Myocardial perfusion SPECT scan. Rows 1, 3, and 5 show the myocardial perfusion during a typical stress test. Rows 2, 4, and 6
show the rest images acquired 3 hours later. The first two rows are horizontal long-axis slices, the middle two rows are vertical long-axis slices,
and the bottom two rows are short-axis slices. This study shows a typical example of transient hypoperfusion of the anterior wall. On the stress
images, there is a clear perfusion defect on the anterior wall (horizontal-axis slice 9, vertical long-axis 16 to 18, short-axis slice 13 to 18). The
perfusion normalizes on the corresponding rest images. (Courtesy of Professor L. Mortelmans, Department of Nuclear Medicine.)

• Myocardial perfusion and viability For myocardial
perfusion, tracers are used that are accumulated in
the myocardium in proportion to the blood flow.
Examples of such tracers are the γ-emitting tracers
201Tl and 99mTc-Mibi, and the PET tracers 13NH3
andH15

2 O. The choice of the imagingmodality and
tracer depends on factors, such as half-life, image
quality, cost, and availability. Often, the imaging
process is repeated after several hours to com-
pare the tracer distribution after stress and at rest
(Figure 5.20). This procedure answers the question
whether there is a transient ischemia during stress.
By comparing myocardial perfusion with glucose
metabolism, PET is the gold standard to evaluate
myocardial viability.

• Lung embolism In order to detect lung embolism,
99mTc-labeled human serum albumin is injected
intravenously. This tracer with a mean diame-
ter of 10–40 µm sticks in the first capillaries it
meets (i.e., in the lungs). Areas of decreased or
absent tracer deposit correspond to a patholog-
ical perfusion, which is compatible with a lung
embolism. The specificity of the perfusion scan
can be increased by means of a ventilation scan

(Figure 5.21). Under normal conditions a gas or
an aerosol with 99mTc-labeled particles is spread
homogeneously in the lungs by inhalation. Lung
embolism is typically characterized by a mismatch
(i.e., a perfusion defect with a normal ventilation).
A perfusion CT scan of the lungs has become
the first choice technique for diagnosis of lung
embolism.

• Tumors A very successful tracer for measur-
ing metabolic activity is 18FDG (fluoro-deoxy-
glucose). Thismolecule traces glucosemetabolism.
The uptake of this tracer is similar to that of
glucose. However, unlike glucose, FDG is only
partially metabolized and is trapped in the cell.
Consequently, FDG accumulates proportionally to
glucose consumption. A tumor is shown as an
active area or “hot spot” (Figure 5.22), as in most
tumors glucose metabolism is considerably higher
than in the surrounding tissue. Whole-body FDG
has become a standard technique for the staging
of oncologic patients and also for the therapeutic
evaluation of chemotherapy and/or radiotherapy.

• Thyroid function Captation of 99mTc pertechne-
tate or 123I iodide shows the tracer distribution 123
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Figure 5.21 Lung perfusion (Q) and ventilation (V) scan. The second and fourth columns show six planar projections of a ventilation SPECT
scan obtained after the inhalation of radioactive pertechnegas distributed homogeneously throughout both lungs. The first and third columns
show the corresponding lung perfusion images obtained after injection of 99mTc-labeled macroaggregates. Several triangular-shaped
defects (arrows) are visible in the perfusion scan with a normal ventilation at the same site. This mismatch between perfusion and ventilation
is typical for lung embolism. The fifth column shows a coronal section of the SPECT data set with triangular defects (arrowheads) in the
perfusion (upper row) and a normal ventilation (lower row). (Courtesy of Professor L. Mortelmans, Department of Nuclear Medicine.)

within the thyroid, which is a measure of the
metabolic function (Figure 5.23). 131I iodide with
a half-life of 8 days is mainly used for treat-
ment of hyperthyroidism (thyroid hyperfunction)
or thyroid cancer.

• Neurological disorders Brain disorders can be diag-
nosed using SPECT perfusion scans and PET FDG
scans measuring brain metabolism. FDG PET
brain scans play an important role in the early and
differential diagnosis of dementia (Figure 5.24).
New tracers are used for the evaluation of neu-
roreceptors, transporters, enzymes, etc., allowing
more specific diagnosis of several brain disorders.
A typical example is the presynaptic dopamine
transporter (DAT) scan, measuring the amount of
dopamine-producing cells in the substantia nigra
and facilitating early and differential diagnosis of
Parkinson disease, possibly in combination with
postsynaptic dopamine receptor (D2) imaging
(Figure 5.25).

Biologic effects and safety
Unfortunately, tracer molecules are not completely
specific for the investigated function and are accumu-
lated in other organs, such as the liver, the kidneys,
and the bladder. Furthermore, the radioactive prod-
uct does not disappear immediately after the imaging
procedure but remains in the body for hours or
days after the clinical examination is finished. The
amount of radioactivity in the body decreases with
time because of two effects.

• Radioactive decay This decay is exponential. Every
half-life, the radioactivity decreases by a factor of
two.

• Biologic excretion Many tracers are metabolized, and
the biologic excretion is often significant as com-
pared with the radioactive decay. It can be inten-
sified with medication. This also means that the
bladder receives a high radiation dose, which can124
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Figure 5.22 18FDG PET scan of a patient suffering from a
lymphoma in the mediastinum and the left axilla (left column). The
pathological 18FDG uptake in the lymphomatous lymph nodes
(arrows) disappeared after chemotherapy (right column). (Courtesy
of Professor L. Mortelmans, Department of Nuclear Medicine.)

amount to more than 50% of the patient’s effective
dose.

The radiation exposure of a particular organ is a
function of the activity in the entire body. Simula-
tion software exists that is based on models for the
human body (e.g., the MIRD model (medical inter-
nal radiation dosimetry) of the Society of Nuclear

Figure 5.23 99mTc pertechnetate thyroid scan of a patient with a
multinodular goiter. The irregularly enlarged thyroid is delineated.
Several zones of normal and increased uptake are visible.
Hyperactive zones are seen in the upper and lower pole of the right
thyroid lobe. In the right interpolar region there is a zone of relative
hypoactivity. (Courtesy of Professor L. Mortelmans, Department of
Nuclear Medicine.)

Medicine). Initial tracer concentrations, tracer accu-
mulation, and excretion times must be entered in the
simulator, which then computes the radiation load to
each organ and derives the effective dose in millisiev-
erts. For the input data, typical values can be used.
These values can be defined by repeatedly scanning an
injected subject until the radioactivity becomes negli-
gible. Typical doses for a large number of tracers are
published by the International Commission on Radi-
ological Protection (ICRP). For example, the effective
patient doses of a study of the lung are 0.1–0.5mSv, the
thyroid 0.4–0.7 mSv, bone 1.3 mSv, the myocardium
around 5 mSv, and tumors studied with FDG around
6 mSv and gallium 13.0 mSv. Roughly speaking, they
have the sameorder ofmagnitude as the effective doses
for diagnostic radiographic imaging (see p. 31) or CT
(see p. 59).

For the patient’s entourage, for example the per-
sonnel of the nuclear medicine department, it is
important to take into account that the radiation dose
decreases with the square of the distance to the source
and increases with the exposure time. It is therefore
recommended that medical personnel stay at a cer-
tain distance from radioactive sources, including the
patient. Contamination of tracers must be avoided.

Future expectations
Although continuous technical improvements can
be expected (improved TOF and hybrid systems,
new detectors, removal of motion artifacts, etc.) 125
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