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Abstract

Targeted radionuclide therapy (TRT) is an increasingly
used treatment modality for a range of cancers. To date,
few treatments have involved the use of dosimetry either to
plan treatment or to retrospectively ascertain the
absorbed dose delivered during treatment. Also the corre-
lation between absorbed dose and biological effect has
been difficult to establish. 
Tomographic methods permit the determination of the
activity volume on a macroscopic scale at different time
points. Proper attenuation correction in tomographic
imaging requires a patient-specific attenuation map. This
can be obtained from scintillation-camera transmission
scanning, CT, or by using segmented scatter-emission
images. Attenuation corrections can be performed either
on the projection images, on the reconstructed images, or
as part of an iterative reconstruction method. The problem
of image quantification for therapy radionuclides, partic-
ularly for I-131, is exacerbated by the fact that most cam-
eras are optimised for diagnostic imaging with Tc-99m.
In addition, problems may arise when high activities are to
be measured due to count losses and mis-positioned
events, because of insufficient pile-up and dead time cor-
rection methods. 
Sufficient image quantification, however, is only possible
if all effects that degrade the quantitative content of the
image have been corrected for. Monte Carlo simulations
are an appealing tool that can help to model interactions
occurring in the patient or in the detector system. This is
helpful to develop and test correction techniques, or to
help to define detectors better suited to quantitative imag-
ing.
PET is probably the most accurate imaging method for the
determination of activity concentrations in tissue. PET

Die Bedeutung von PET und SPECT für die
Dosimetrie der Therapie mit offenen Radio-
nukliden

Zusammenfassung

Die Therapie mit offenen radioaktiven Substanzen wird
zunehmend häufiger zur Behandlung einer ganzen Reihe
von Krebserkrankungen eingesetzt. Bis heute allerdings
haben nur wenige Behandlungsarten eine Dosimetrie zur
Therapieplanung oder zur retrospektiven Sicherstellung
der erzielten Dosis eingesetzt. Des Weiteren ist es nicht
leicht möglich, eine Korrelation zwischen der absorbier-
ten Dosis und den biologischen Effekten herzustellen. 
Tomographische Methoden erlauben die Bestimmung der
makroskopischen räumlichen Aktivitätsverteilung zu
unterschiedlichen Zeitpunkten. Zur Durchführung einer
Schwächungskorrektur wird die patientenspezifische
Verteilung der Schwächungskoeffizienten benötigt. Diese
wird entweder aus Szintigrammen mit einer Transmis-
sionsquelle, aus CT-Bildern oder aus segmentierten Szin-
tigrammen im Streufenster gewonnen. Die Schwächungs-
korrektur kann entweder auf den Projektionsbildern, auf
den rekonstruierten Schnitten oder im Zuge der iterativen
Rekonstruktion durchgeführt werden. Die Schwierigkeit
der Quantifizierung von Bilddaten von Therapienukliden,
insbesondere bei der Verwendung von I-131, wird dadurch
erhöht, dass die meisten Gamma-Kameras für die diag-
nostische Bildgebung mit Tc-99m optimiert sind. Weitere
Ungenauigkeiten werden durch unzureichende „Pile-up“-
oder Totzeitkorrekturen hervorgerufen, die einen Zähl-
ratenverlust oder eine Mispositionierung von Ereignissen
verursachen können.
Eine ausreichende Quantifizierung der Bilddaten ist nur
möglich, wenn alle Effekte, die zu einer Verschlechterung
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Introduction

Nuclear medicine makes a significant contribution to the
health, health care and quality of life of European citizens,
particularly in major clinical areas such as cancer and cardio-
vascular disease. Every year in Europe, over 10 million
patients benefit from a nuclear medicine procedure, 90% of
which are diagnostic (planar, PET, SPECT) and 10% thera-
peutic. These radionuclide therapies (or targeted radiothera-
py, TRT) will increase in importance and number the coming
years, in particular with the introduction of new molecules
and radiopharmaceuticals, including radioimmunotherapy,
through rapid developments in molecular biology and medi-
cine. TRT (e.g. radioimmunotherapy) with new radiopharma-
ceuticals coupled to beta- or alpha-emitting isotopes are
promising forms of radiotherapy for the treatment of differ-
ent forms of cancer.

According to a survey carried out by the EANM radionu-
clide therapy committee [1] in 1999 there were 82892
patients treated with radionuclides in 18 European countries,
i.e. 191 treatments per million inhabitants. The most frequent

therapy indication was and is “benign thyroid disease” with
I-131 (69.1%). Another 26.6% of the indications were for
malignant diseases. These numbers underline the necessity to
carry out accurate dosimetry:

– to comply with the EU council directive 97/43/EURATOM
(June 1997) [2] in which it is stated that “For all medical
exposure of individuals for radiotherapeutic purposes
(…)1 exposures of target volumes shall be individually
planned; taking into account that doses of non-target vol-
umes and tissues shall be as low as reasonably achievable
and consistent with the intended radiotherapeutic purpose
of the exposure.” Individualised treatment planning has
become routine practice for patients undergoing external
beam radiotherapy and this directive is now becoming
incorporated into national legislation, such as the IRMER
regulations in the UK [3].

– to fulfil the clinical need for reliable individual patient
dosimetry estimates to improve the efficacy of targeted
radiotherapy.

imaging can be considered for pre-therapeutic treatment
planning but ideally requires the use of a radioisotope
from the same element as that used for treatment (e.g.
I-124 for I-131; Y-86 for Y-90). Problems, however, are that
– some of the positron emitting isotopes have a shorter

half-life  
– non-standard quantification procedures have to be per-

formed 
– the availability of the radiopharmaceutical is presently

limited;
Many 3D-tools and -techniques are now available to the
physicist and clinician to enable absorbed dose calcula-
tions to both target and critical organs-at-risk. The chal-
lenge now facing nuclear medicine is to enable this
methodology to be routinely available to the clinic, to
ensure common standard operating procedures between
centres and in particular to correlate response criteria
with absorbed dose estimates.

Keywords: SPECT, PET, dosimetry, targeted radionuclide
therapy

der Bildqualität führen, korrigiert worden sind. Zu diesem
Zweck können Monte-Carlo-Simulationen als ein interes-
santes Werkzeug zur Modellierung der Wechselwirkungen
der ionisierenden Strahlung im Patienten oder im Detektor
einen wichtigen Beitrag leisten. Diese Simulationen sind
insbesondere hilfreich, wenn es darum geht, Korrekturtech-
niken zu entwickeln und zu testen oder um besser geeigne-
te Detektoren zur quantitativen Bildgebung zu finden.
Die Positronenemissionstomographie ist derzeit wahr-
scheinlich das genaueste Verfahren zur Bestimmung von
Aktivitätskonzentrationen im Gewebe und könnte zur prä-
therapeutischen Behandlungsplanung eingesetzt werden.
Dies erfordert jedoch ein Nuklid desselben Elements wie
für die Therapie (z.B. I-124 für I-131, Y-86 für Y-90).
Probleme ergeben sich jedoch aus der kürzeren Halb-
wertszeit einiger Positronenemitter, der Implementierung
von nicht standardmäßig verfügbaren Quantifizierungs-
prozeduren sowie der Tatsache, dass einige Nuklide zur-
zeit nicht allgemein verfügbar sind.
Es existieren derzeit viele 3D-Werkzeuge und Techniken,
die es dem Physiker und Kliniker ermöglichen, die absor-
bierte Dosis sowohl im Zielvolumen als auch in den kriti-
schen Organen zu bestimmen. Die Herausforderung ist es
jedoch, diese Methoden den Kliniken routinemäßig zur
Verfügung zu stellen, eine Standardisierung der Prozedu-
ren in verschiedenen Zentren anzustreben sowie die klini-
schen Ergebnisse mit den Dosisabschätzungen zu korre-
lieren.

Schlüsselwörter: SPECT, PET, Dosimetrie, Radionuklid-
therapie

1 Omission for the sake of clarity
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A number of centres worldwide have conducted theoreti-
cal as well as (pre)clinical experimental studies for TRT. Sig-
nificant progress in the development of selective radionu-
clide carriers and optimal radioisotopes has been achieved in
several centres. Evaluation of the efficacy of TRT by
unsealed sources of radiation [4] depends on calculating the
absorbed dose delivered to the patient’s organ and tissues [5].
Oncology is the most common context in which these thera-
peutic methods are implemented, in which case the doses
delivered are determined both in tumor targets and the nor-
mal tissues that are to be preserved [6]. As the administered
activities are very high deterministic radiation effects are to
be expected. 

Individual patient dosimetry is presently the only possible
way to:

– establish an individual minimum effective absorbed dose
and maximum tolerated absorbed dose to tissue,

– predict tumor response and normal organ toxicity on the
basis of pre-therapy dosimetry,

– increase the knowledge of clinical radionuclide radiobiol-
ogy by correlation calculations and observed effects post-
therapy,

– relate and compare the results to the radiation dosimetry
routinely performed for external beam radiotherapy.

Absorbed dose calculations are based on modelled biodis-
tribution data and on quantitative imaging procedures. The
biodistribution of radioactive tracers (ligands) should be
assessed separately for each individual patient, as it depends
on a number of patient-specific parameters, such as gender,
size of the subject and the amount of fatty tissue in the body,
as well as the extent and nature of the disease. However to
date, technicalities and knowledge have to be augmented and
stimulated in order to achieve a more satisfactory correlation
between absorbed dose estimates and treatment response or
correlation with organ toxicity. Due to this, almost all TRT
treatments today are based on empirical fixed administered
activities, activities modified by clinical and/or pathological
findings. This approach certainly leads to suboptimal under-
or overdosing, as it is not individually tailored.

Currently, the errors of internal dosimetry calculations for
diagnostic or therapeutic studies are in the order of magni-
tude of 30%–100% or even higher so that the situation is
comparable to the situation of external beam therapy 30 or
more years ago. The influence of the individual patient’s radi-
ation sensitivity and the knowledge of radiation induced bio-
logical effects are not taken into account when patient
absorbed doses are calculated.

Basic methodology of internal dosimetry

Targeted radionuclide therapy (TRT) has been implemented
as a treatment for various forms of cancer, as well as for
benign disease, for over 60 years although to date, internal
dosimetry for TRT has been employed only on a research

basis. Clinical trials involving radionuclides are usually gov-
erned by ‘dose escalation studies’, where ‘dose’ refers to the
level of activity administered, rather than to the absorbed
dose to either tumour or normal tissue.

Methods for calculating the absorbed dose received from
administration of a radiopharmaceutical were first standard-
ised in the 1960’s by the Medical Internal Radiation Dosime-
try (MIRD) committee (see e.g. [7]), with the initial aim of
estimating average doses to critical organs resulting from
diagnostic procedures. Essentially this methodology allows
the calculation of absorbed dose using the simplified version
of the basic equation:

D
–

(rk ← rh) = Ãh S (rk ← rh)

D
–

(rk ← rh): the mean absorbed dose to a target region rk from
the cumulated activity in source region rh.

Ãh: the cumulated activity (i.e. the integral of the activity-
time curve from zero to infinity) in a given target region
rh.

S (rk ← rh): the radionuclide specific S factor for target region
rk and source region rh per unit cumulated activity in
source region rh.

Ã denotes the total number of radioactive decays occur-
ring within an organ in which a radiopharmaceutical accumu-
lates (the ‘source organ’). The MIRD S factor accounts for
the energy released from each radioactive decay and the rel-
ative geometry of the source organ and the organ for which
the absorbed dose is to be calculated. Thus, the cumulated
activity is dependent on biological parameters whilst the S
factor deals with the physical components of the absorbed
dose. 

MIRD S factors have been published as look-up tables for
any given pair of relative organs for a comprehensive range
of clinically relevant radionuclides [8]. For a full exposition
of the MIRD schema the reader is referred to the various
pamphlets and books published by the MIRD committee.
Further methodologies for dosimetry have been developed
[9–10], although the basic principles behind each are essen-
tially identical.

Whilst MIRD methodology, as traditionally employed,
provides a relatively simple means to perform internal
dosimetry, adaptations and alternative methods are required
to deal with therapeutic applications of radiopharmaceuti-
cals. 

Whilst the basic principles of dosimetry hold for all dosi-
metric calculations, the application of these methods and in
particular in the determination of the required input parame-
ters is not straightforward. The method of administration may
be intra-venous, intra-arterial or by direct infusion as well as
oral. Different methods of administration, for example, will
require different approaches to dosimetry calculations. For
example, in the case of an intra-tumoural administration of a
radiopharmaceutical the dose gradient can be dramatic and a
mean dose over the whole tumour can be meaningless. For
intracavitary administrations, the dose to the cavity wall has
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been calculated using an absorbed fraction of 0.5 rather than
1 since only half of the energy is assumed to be deposited in
the wall.

Furthermore, an increasing range of radionuclides are
being employed for TRT, including alpha and pure beta emit-
ters as well as low energy electron emitters as Auger electron
emitters, and the mechanism and localisation of uptake can
vary for different therapy procedures. To be clinically useful
dosimetric calculations must be performed for both target
organs (which may include focal and primary lesions) and for
organs-at-risk, which frequently includes the red marrow as
well as organs such as the kidneys, liver and heart. In partic-
ular, the accuracy with which dosimetry may be carried out
is adversely affected by heterogeneity of radiopharmaceuti-
cal uptake at both a macroscopic and microscopic scale and
by non-standard organ geometries [11]. In a recent publica-
tion by ICRU the different aspects on heterogeneity of activ-
ity uptake in tissues and tumours have been addressed [12].

One example of a recent clinical application of dosimetry
is the application of Y-90-Ibritumomab Tiuxetan (the first
radiopharmaceutical for radioimmunotherapy which is
licensed in Europe and the USA) to the radioimmunotherapy
of NHL by Wiseman et al [13]. In this study pre-therapeutic
image based dosimetry for an administration of 15 MBq/kg
Y-90-Ibritumomab Tiuxetan (Zevalin) radioimmunotherapy
for NHL was performed. Patients were given a tracer admin-
istered dose of 185 MBq In-111-ibritumomab tiuxetan on day
0, evaluated with dosimetry, and then a therapeutic adminis-
tered activity of 7.4–15 MBq/kg Y-90-ibritumomab tiuxetan
on day 7. The residence times for Y-90 in blood and major
organs were estimated from In-111 [14]. One of the findings
was that the median absorbed dose for Y-90 was 0.97 Gy
(sacral image-derived method) to red marrow and that the
haematological toxicity did not correlate with estimates of
red marrow radiation absorbed dose [14]. 

The lack of standardised dosimetric practice is due in part
to the relatively low numbers of patients treated at any one
centre and due to the lack of medical physicists involved in
dosimetry. However the increasing number of multi-centre
trials involving TRT will enable more data to be collated and
processed according to similar protocols [15–24]. 

Macro-dosimetry 

Patient-specific absorbed dose calculations for tumours and
for normal organs present two main challenges. The first, and
arguably the most significant barrier to routine accurate
dosimetry, is that of image quantification, by which the
counts recorded in an image may be converted to absolute
values of activity. The second issue that arises is that of the
absorbed dose calculation itself, and particularly the need to
deal with problems caused by a non-uniform uptake of activ-
ity and by non-standard organ geometries. A comprehensive
overview on methods and instrumentation for dosimetry is
compiled by the MIRD committee and published in pamphlet

[25]. The ICRU 67 report [12] summarizes the current status
of internal dosimetry including small scale and macro
dosimetry as well as radiobiological considerations. For the
assessment of the biokinetics (the “time-activity curve”) for
pre-therapeutic or therapeutic dose calculations several meth-
ods can be used according to their respective capabilities.

Scintillation camera imaging 

Photons are emitted in the patient and undergo a certain num-
ber of interactions until they are (or are not) finally detected.
The photon transport depends on the interaction probabilities
in tissue, which vary within the body, arising in attenuation
and scatter of the photons. A minor part of the photons
emerging from the patient body pass through a collimator,
whose role is to make sure that only orthogonal projections of
the source will impinge on the crystal. The photons then
interact in the crystal creating scintillation light that is detect-
ed by a position sensitive array of light sensitive detectors
(i.e. PM, photo multiplying tubes). By using appropriate
electronics for the conversion of the light to an electrical sig-
nal the position and the energy of the impinging photon
which falls within a predetermined energy window is regis-
tered as a count in the image. The counts are then used to
quantify the activity distribution in the patient. by using e.g.
regions of interest (ROI) techniques. All these processes have
to be considered for activity quantification calculations. The
main corrections needed for absolute quantification are atten-
uation, scatter, collimator efficiency, detector sensitivity, sep-
tal penetration and eventually high count rate corrections.

At a low pulse rate, the number of counts collected during
a preset time interval is limited, which makes the statistical
uncertainty high and produces noisy images. However the
time resolution of the camera has to be considered at high
activities (such as those encountered for therapeutic applica-
tions) and thus for high photon fluence rates that impinge on
the scintillation crystal. 

When using radionuclides emitting high energy photons,
large septal penetration can occur, and therefore images can
no longer be considered as orthogonal projections of an
activity distribution. An accurate method of revealing such
effects is to use Monte Carlo methods for simulating the total
process of photon transport and interactions. For example for
1311, the scatter component is complex, due to the higher
principal energy (364 keV), and the contribution of non-neg-
ligible higher energy photons (637 and 723 keV). Interac-
tions that need to be modelled occur in the patient, the colli-
mator and the camera head, and include septal penetration
[26].

Planar image-based dosimetry

To date the majority of dosimetric calculations, where they
have been carried out, have employed planar images. Mostly
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the anterior-posterior method has been used for the quantifi-
cation. Imaging is possible with gamma-emitting radionu-
clides that are used for therapy (for example I-131, Sm-153,
Re-186 and Re-188), whilst in cases that pure beta-emitters
have been administered, dose estimates have been made
using a surrogate radioisotope such as In-111 for Y-90 [27].
Planar imaging is less resource intensive than SPECT or
PET-based imaging and has a spatial resolution around
10 mm, although contrast is decreased and it is necessary to
distinguish tumour or organ uptake from uptake in underly-
ing or overlying organs. Also for the A/P method the match-
ing of the two projections and the transmission image is cru-
cial for accurate quantification. Planar imaging has been
used widely in many recent clinical studies [28–39].

SPECT image-based dosimetry

The disadvantage of planar imaging is the lack of three-
dimensional information. This can be partially solved by the
addition of three-dimensional anatomical images from CT or
MRI [28, 40–45] although this will not yield the true 3D-dis-
tribution of radioactivity. As the conjugate view method can-
not correct appropriately for overlapping tissues quantitative
SPECT imaging leads to a more accurate determination of
the actual tissue activity concentration. It is particularly
advantageous for measuring organ activities in body struc-
tures with overlying structures [25]. Examples of the applica-
tion of this technique to preclinical and clinical studies can be
found in [46–73]. As well as the increased resources required
to obtain a time-sequential series of SPECT scans following
the administration of a therapy or pre-therapy tracer radio-
pharmaceutical, post-acquisition image processing is also
more involved. The most notable of these is image recon-
struction, for which a number of algorithms have been devel-
oped. However, the ability of SPECT imaging to identify the
distribution of uptake within the target organ offers the
potential in many cases for improved dosimetric accuracy.

Quantitative SPECT imaging

Emission tomography methods significantly reduce the
macroscopic superimposition of activity in the reconstructed
data and permit the determination of the activity volume on a
macroscopic scale. Tomographic image reconstruction can be
performed by analytical methods, using filtered back-projec-
tion, although many contemporary reconstruction methods
now work on an iterative basis where the aim is to generate a
set of estimated projections from a first guess of the activity
distribution. The estimated projections are compared to the
measured projections and updated based on the differences.
The comparison, updating, and stopping criterion can be per-
formed based on various approaches, e.g. the maximum-like-
lihood or the ordered-subsets expectation maximization algo-
rithms. An advantage of the iterative methods is that compen-

sation for physical limitations can be modelled in the recon-
struction process [74]. It is also possible to account for scat-
ter during the iterative reconstruction process [75]. For a
more explicit review of reconstruction algorithms in SPECT
is found in Bruyant [76] and the textbook by Wernick and
Aarsvold [77]. 

In SPECT imaging, the attenuation of homogeneous
regions can be estimated using a body contour and a single
value of the effective attenuation coefficient. For non-homo-
geneous regions, a patient-specific attenuation map is
required. This can be obtained from scintillation-camera
transmission scanning [78], CT [79, 80], or by using seg-
mented scatter-emission images [81, 82]. Attenuation correc-
tions can be performed either on the projection images, on
the reconstructed images, or as part of an iterative reconstruc-
tion method. A full review of attenuation correction for emis-
sion tomography is given by Zaidi and Hasegawa [83] and
also addressed in [77].

The problem of image quantification for therapy radionu-
clides, particularly for I-131, is exacerbated by the fact that
most of the cameras are optimised for diagnostic imaging
with Tc-99m.

Monte Carlo methods and
quantitative SPECT imaging

Sufficient image quantification is only possible if all effects
that degrade the quantitative content of the image have been
corrected for. Monte Carlo simulations are an appealing tool
that can help to model interactions occurring in the patient
and in the detector system. This is helpful to develop and test
correction techniques, and to help to define detector geome-
tries better suited to quantitative imaging. As a consequence
there are a growing number of articles [84, 85] and textbooks
[86, 87] being published in the field of nuclear medicine that
involve Monte Carlo techniques particularly with respect to
quantitative imaging.

There are basically two kinds of Monte Carlo codes that
can be used in nuclear imaging: Generic Monte Carlo codes
and Specific Monte Carlo codes.

Generic Monte Carlo codes come from the world of high
energy physics. They were mostly created in major nuclear
research centres, and were developed to deal with radiation
propagation in matter. Codes like ETRAN and its derivates
[88], EGS [89], MCNP [90] or Geant [91] belong to that cat-
egory. They have been widely used by the scientific commu-
nity and possess an established user database. They usually
are part of an extensive research program – i.e. involving
several permanent people committed to the development,
debugging and maintenance of the code. This explains why
these codes can generally be considered as standards against
which other codes can benchmark. One major drawback is
that they usually have not been designed to deal explicitly
with nuclear imaging. This often makes it very difficult to
use them within that area. For example, it is important to
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make sure that ‘low energies’ such as those encountered in
nuclear imaging are dealt with correctly.

Specific Monte Carlo codes, on the other hand, have been
specifically designed for nuclear imaging. They can be differ-
entiated by the way detection modelling is dealt with: in
SPECT for example, some codes model explicitly interactions
that occur in the collimator, other just consider photons that
impact the detection head with the right solid angle (optical
selection). The main possible drawback of ‘homemade’ Monte
Carlo codes is the lack of support with time: Being mostly the
product of a single lab, the continuity of a given code is often
not granted. Also the way physics interactions are dealt with is
in general less reviewed – or at least by a smaller user commu-
nity – than for general Monte Carlo codes.

A collaborative effort has been carried out recently by
a group of laboratories involved in the field in order to create
a Monte Carlo code dedicated to nuclear imaging but based
on a generic Monte Carlo code. That code, Gate [92] is based
on Geant4. The user can create the experiment through the
use of a macro language via a dedicated scripting mechanism
that extends the native command interpreter of Geant4 and
allows performing and controlling the Monte Carlo simula-

tion in an intuitive manner (http://www-lphe.epfl.ch/
~PET/research/ gate/).

As an example in Figure 1 a Monte Carlo simulation of the
influence of septal penetration and scatter of I-131 photons
on a high energy collimator of a gamma camera is shown (top
left: resulting image, top right: scatter only, bottom left: sep-
tal penetration, bottom right: geometric photons). The num-
bers in the upper right corner denote the percentage of pho-
tons. In the case of I-131 only 47% of detected photons
counted by a gamma camera are geometric photons. The rest
comes either from septal penetration or scatter.

One major limit of Monte Carlo methods is linked to the
statistic required to accurately simulate a given experimental
setting: The number of simulated particles has to be very
high, and therefore implies heavy computing power. 

In SPECT, photons that reach the detector head first
impact the collimator. Since only one out of 10000 photons –
or less – that hit the detector head actually cross the collima-
tor and are detected; this highlights how inefficient this
process is from a computing perspective.

In order to decrease computing time, analytical modelling
of physical effects can sometimes be carried out, such as

Figure 1 Monte Carlo simulation of the influence of septal penetration and scatter of I-131 photons on a high energy colli-
mator of a gamma camera (top left: resulting image, top right: scatter only, bottom left: septal penetration, bottom right: geo-
metric photons).
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optical selection of photons that impinge the collimator, but
this may not be always feasible: For example, when model-
ling gamma cameras for high energy radionuclides such as I-
131, one has to consider explicit interaction modelling in the
collimator, since septal penetration cannot be neglected in
that case.

Variance reduction techniques can be implemented, but
are not available in every code proposed to the scientific
community. The validation of those techniques is itself a field
of research, so one has to be very cautious when dealing with
variance reduction.

Monte Carlo modelling of radiation interactions in matter
fall in the ‘embarrassingly parallel problem’ category: Pho-
tons that interact with the detector are independent, and
therefore it is equivalent to simulate 109 photons on a single
machine or 108 photons on 10 different machines, thus
paving the way for cluster computing [93]. Apart from the
trivial caveat related to random seed generation, one has to be
aware of some specific aspects of image detection, for exam-
ple dead time modelling, or pileup effect implementation
require serious attention to the simulation setup in a parallel
environment. 

Another drastic limitation is the difficulty to validate the
results given by a simulation. Experimental validation has to
be carried out for simple i.e. feasible in practice setting, that
may not allow for as thorough a validation as would be
required.

PET-based dosimetry

PET is presently the most accurate method for the determina-
tion of activity concentrations in tissue. PET is based on elec-
tronic collimation and thereby offers a wide acceptance angle
for detecting emitted annihilation photons. Consequently, the
sensitivity of PET per disintegration with comparable axial
fields of view is two orders of magnitude greater than that of
SPECT cameras. Quantification techniques are well estab-
lished with PET. For dosimetry, PET offers improved spatial
resolution over SPECT. The measured line integrals must be
corrected for a number of background and physical effects
before reconstruction, such as subtraction of random coinci-
dences, detector normalization, dead time, attenuation and
scatter corrections. 

In PET, correction for attenuation depends on the total dis-
tance travelled by both annihilation photons and is independ-
ent of the emission point along the ray defined by these pho-
tons. The most accurate attenuation correction techniques are
based on measured transmission data acquired before (pre-
injection), during (simultaneous) or after (post-injection) the
emission scan. Alternative methods to compensate for photon
attenuation in reconstructed images use assumed distribution
and boundary of attenuation coefficients, segmented trans-
mission images, or consistency condition criteria [94].

PET imaging can be considered for treatment planning but
ideally requires the use of a radioisotope from the same ele-

ment as that used for treatment (for example I-124 for I-131
or Y-86 for Y-90). I-124 has been applied to dosimetric
assessments as early as 1986 [95] particularly for the dosime-
try of radioiodine therapy of benign thyroid diseases [96, 97].
In 1991 the use of I-124 was proposed for quantifying in vivo
tumor concentration and biodistribution for radioim-
munotherapy [98–100]. An additional application was the
approach to treatment planning of I-131 mIBG targeted
radiotherapy [101]. Due to the complex decay process of
I-124, the quantification process cannot be performed in the
same way as for F-18. Pentlow et al. [102] measured resolu-
tion, linearity and the ability to quantify the activity contents
of imaged spheres of different sizes and activities in different
background activities. It was shown that the quantification
process for I-124 could reproduce the activities administered.
Compared to conventional PET nuclides, resolution and
quantification were only slightly degraded [102, 103]. In
addition, the sphere detectability was also only slightly worse
if imaging time was increased to compensate for the lower
positron abundance. 

PET with I-124 was also successfully applied to the meas-
urement of thyroid volume [104, 105]. Today’s state of the art
of PET I-124 based thyroid dosimetry is described in a recent
paper by Sgouros et al. [106] in which it shown that when
using the PET results as input to a fully 3D dose planning
program spatial distributions of absorbed dose, isodose con-
tours, dose-volume histograms and mean absorbed dose esti-
mates can be obtained. An example of PET based dosimetry
is shown in Figure 2. In this figure summed coronal I-124
PET image slices obtained on day of I-124 administration
(day 0) and on subsequent 2 days are shown in conjunction
with the absorbed dose map for tumor 2.

Another application of PET quantification to dosimetry is
the use of Y-86 for therapy planning of somatostatin receptor
positive tumours [107–114]. The complex decay process of
Y-86, however, makes the use of extensive corrections for
quantification necessary which are not easily implemented
into standard PET or PET/CT scanners. Helisch et al. [112]
e.g. showed that the image quality and quantification process
is superior when using Y-86-DOTA-Phe1-Tyr3-octreotide
compared to In-111-pentetreotide. They conclude that com-
pared to Y-86, dosimetry with In-111 overestimated doses to
kidneys and spleen, whereas the absorbed dose to the
tumour-free liver was underestimated. However, both dosi-
metric approaches detected the two patients with an excep-
tionally high radiation burden to the kidneys that carried a
potential risk of renal failure following radionuclide therapy
[113]. 

When applying appropriate corrections to the PET images
a dose dependence of the radiation nephrotoxicity after Y-90-
DOTATOC therapy was shown [114]. Individual renal vol-
ume, dose rate, and fractionation play important roles in an
accurate dosimetry estimation that enables prediction of risk
of renal function impairment [114].

In the near future other radioisotopes such as Ga-66 [115]
or Ce-134/La-134, a radionuclide generator producing an
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Auger electron- and positron-emitting radionuclide [116],
may also play an important role for PET based dosimetry for
targeted radiotherapy.

Problems that have to be overcome include

– many of the surrogate isotopes used have such a short half-
life that the time-activity curve does not reflect the com-
plete biokinetics of the radionuclide used for therapy (such
as Y-86/Y-90);

– special quantification procedures have to be performed as
the standard quantification procedures fail due to addition-
al gamma emissions of the isotopes used which are detect-
ed in the coincidence window (such as Y-86) of the PET
systems;

– the availability of the PET-radiopharmaceutical often is
restricted to very few centres which have access to a
cyclotron for nuclide production;

– the software of newer PET/CT systems does not easily
allow the application of non-standard corrections.

Three-dimensional dosimetry

In volumes-of-interest that are large relative to the spatial
resolution of the imaging system for a given radionuclide, it
is often possible to discern a heterogeneous uptake of a radio-
pharmaceutical throughout a tumour or organ. In this case it
can be misleading to quote a mean absorbed dose, with the
problem exacerbated by the difficulty of delineating an out-
line within which the absorbed dose is to be calculated. One
possible solution is to quote a maximum absorbed dose,
although overall response is likely to be dependent on the
extent of the volume that receives a low absorbed dose. A
more comprehensive approach is to calculate the absorbed
dose distribution throughout the tumour and generate dose-
volume histograms [12]. This can be achieved by registering
sequential tomographic data so that each voxel within the
VOI occupies the same coordinate throughout the series of
scans. The mean absorbed dose in each voxel can then be cal-
culated independently for each coordinate [117]. For this

Figure 2 Example of PET based dosimetry (taken from Sgouros et al. [106]).
(A) Summed coronal I-124 PET image slices obtained on day of I-124 administration (day 0) and on subsequent 2 days are
depicted using same intensity level. Cross-hairs show plane of intersection for corresponding transverse slices through tumor
2, shown immediately below coronal images. 
(B) Image of absorbed dose distribution in tumor 2, magnified to highlight spatial distribution of absorbed dose within this
tumor. Color-coded isodose contours are superimposed as follows: yellow = 75%, red = 50%, blue = 25%, and green = 10%
of maximum absorbed dose to tumor (400 Gy). Three different foci of enhanced absorbed dose are observed and designated
1–3 as shown.
Reprinted by permission of the Society of Nuclear Medicine from Sgouros et al. [106].
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technique voxel S values are required. The MIRD pamphlet
17 [118] gives S values for a range of radionuclides for vox-
els with edge 0.1 mm, 3 mm and 6 mm. Image registration is
becoming a more routinely used tool in medicine, due large-
ly to an increasing interest in the incorporation of functional
and MR data with CT for external beam radiotherapy plan-
ning and by the advent of dual modality scanners [119]. The
voxel based calculation of absorbed dose distributions, how-
ever, requires specialised software solutions which, at the
time of writing, are not commercially available.

An example of the application of SPECT to three-
dimensional dose calculations is shown in Figure 3 in
which a transaxial slice of a dose distribution resulting from
I-131 mIBG therapy of neuroblastoma can be seen. On
the top left a SPECT slice acquired post-therapy, on the top
right the corresponding absorbed dose distribution, on the
bottom left the rendered view of absorbed dose distribution
and on the bottom right the isodose contours from
targeted therapy superimposed onto registered CT slice are
shown.

Figure 3 Transaxial slice of a dose distribution resulting from I-131 mIBG therapy of neuroblastoma, Top Left: SPECT slice
acquired post-therapy. Top right: Corresponding absorbed dose distribution. Bottom left: Rendered view of absorbed dose
distribution. Bottom right: Isodose contours from targeted therapy superimposed onto registered CT slice.
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Conclusions

Internal dosimetry for TRT is a field of research that is attract-
ing increasing attention. Developments in methodology and
the increase in computing power that has been employed suc-
cessfully for external beam radiotherapy have now enabled
routine and accurate dosimetry to become a realisable goal in
the near future. Many tools and techniques are now available
to physicists and clinicians to enable absorbed dose calcula-
tions to both target and critical organs-at-risk. The challenge
now facing nuclear medicine is to improve these methodolo-
gies to be routinely available to the clinic, to ensure common
standard operating procedures between centres and in partic-
ular to correlate response criteria with absorbed dose esti-
mates. This will provide a solid grounding for planning
patient treatment on an individual basis, and will lead to rad-
ical improvements in the understanding and administration of
targeted radiotherapy and it will provide the clinicians with
the tools essential for the full evaluation and optimisation of
ongoing and newly emerging therapies.

Although clinical dosimetry requires standardized proce-
dures for absorbed dose calculations, it is known that there is
a heterogeneous activity distribution in all organs or tumours.
The radiopharmaceuticals per se are targeting special tissue
compartments and thus inherently heterogeneous in their dis-
tributions. The calculated absorbed doses or mean absorbed
doses are based on the input of the spatial distribution of
activity that relies on the imaging modality used. Thus, in
future, internal dosimetry with radionuclides is in the urgent
need of high resolution imaging of activity distributions.
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