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Abstract New high-precision radiotherapy (RT) techni-
ques, such as intensity-modulated radiation therapy (IMRT)
or hadrontherapy, allow better dose distribution within the
target and spare a larger portion of normal tissue than
conventional RT. These techniques require accurate tumour
volume delineation and intrinsic characterization, as well as
verification of target localisation and monitoring of organ
motion and response assessment during treatment. These
tasks are strongly dependent on imaging technologies.
Among these, computed tomography (CT), magnetic reso-
nance imaging (MRI), ultrasonography (US) and positron
emission tomography (PET) have been applied in high-
precision RT. For tumour volume delineation and character-
ization, PET has brought an additional dimension to the
management of cancer patients by allowing the incorpora-
tion of crucial functional and molecular images in RT
treatment planning, i.e. direct evaluation of tumour metab-
olism, cell proliferation, apoptosis, hypoxia and angio-
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genesis. The combination of PET and CT in a single
imaging system (PET/CT) to obtain a fused anatomical and
functional dataset is now emerging as a promising tool in
radiotherapy departments for delineation of tumour volumes
and optimization of treatment plans. Another exciting new
area is image-guided radiotherapy (IGRT), which focuses on
the potential benefit of advanced imaging and image
registration to improve precision, daily target localization
and monitoring during treatment, thus reducing morbidity
and potentially allowing the safe delivery of higher doses.
The variety of IGRT systems is rapidly expanding, including
cone beam CT and US. This article examines the increasing
role of imaging techniques in the entire process of high-
precision radiotherapy.

Keywords PET/CT- MRI - Image registration -
Radiation treatment planning - Precision radiotherapy

Introduction

Radiotherapy (RT) continues to play a key role in the
management of cancer patients. A marked technological
improvement in RT has attracted interest from related fields
and encouraged experimental and theoretical studies which,
in turn, have led to a better management of treatment
modalities.

Radiation deposits energy into the patient’s body. When
cells absorb too much energy, they can be damaged and
lose their reproductive capability. RT directed against
cancer cells also affects normal cells along the radiation
path. So a key issue in RT treatment is how to deliver the
prescribed radiation dose to cancer cells, while keeping the
dose to normal cells as low as possible.
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Over the past decade, sophisticated dose delivery
techniques, like intensity-modulated radiation therapy
(IMRT) [1], stereotactic RT and hadrontherapy (particle
beams) [2], along with more accurate dose calculation
algorithms, have allowed precisely sculpting of the radia-
tion dose to volumes of almost any shape.

A typical process of these high-precision RT techniques
consists of five major phases: (1) simulation, (2) treatment
planning, (3) set-up verification, (4) beam delivery and (5)
response assessment.

In the simulation procedure, the patient is positioned
(using optical lasers) and immobilized just as he/she will be
during treatment delivery. The patient’s structural informa-
tion is obtained using computed tomography (CT). The CT
images, containing three-dimensional (3D) information of
patient anatomy, are then transferred to an RT planning
(RTP) system for the treatment planning step in which
tumour extension and organ at risks (OARs) are identified
and the target volume to be treated is defined.

During this phase, the treatment parameters are deter-
mined according to the volumes defined on images and
dose prescription. Once a plan that meets the criteria is
calculated, the parameters of the plan are automatically
transferred to the treatment machine.

In the third phase, the patient is positioned on the
treatment table for each treatment session in the same way
as was done during the simulation. This presumes that any
components affecting the reproducibility of patient posi-
tioning during the course of treatment are known and
corrected as needed.

In the fourth phase, the beam delivery stage, the machine
is operated according to the plan parameters. In selected
cases, such as lung and liver lesions, this step can take
advantage of real-time assessment of tumour position.

Finally, the fifth phase regards the assessment of tumour
response after RT, important in determining treatment
success and in guiding future patient therapy.

Nowadays, the success of the first three steps of the
high-precision RT process requires the use of imaging to
provide both anatomical and functional information [3], and

even the last phases can rely on imaging for organ motion
control (gating and tracking), for real-time in vivo
dosimetry and tumour response assessment. More and more
often, CT is registered with other imaging modalities, such
as magnetic resonance (MR) and positron emission tomog-
raphy (PET) (Fig. 1).

The need of an accurate set-up verification has required
the development of image-guided radiotherapy (IGRT), a
process that extends beyond the simple management of
inter- and intra-fraction motion as it involves most other
steps in the RT process, including patient immobilization,
simulation, treatment planning, plan evaluation, patient
setup verification and correction, dose delivery and quality
assurance [4, 5].

Phase 1: simulation

In this first phase there is the need to acquire information
on the patient anatomy. The older approach relied on the
two-dimensional (2D) conventional simulator. This is a
device with an X-ray tube capable of the same mechanical
movements of the treatment unit; this device is able to
simulate the treatment employing a diagnostic low dose
beam, hence the name “simulation”.

The use of a 2D simulator alone cannot provide 3D
information or direct visualization of soft tissue volumes
and is therefore becoming increasingly obsolete. In modern
RT, 3D imaging devices are employed. CT is the most
widely used 3D imaging modality owing to its acceptable
costs, wide availability and ability to provide tissue density
information needed for dose calculation. The main require-
ments (Table 1) of a CT scanner in RT treatment planning
are a flat couch and a wide aperture (at least 70 cm).

A CT scanner can be combined with a conventional
simulator (physical simulation) or used alone for so called
virtual simulation (VS), a term coined by Sherouse et al.
about 20 years ago [6]. CT simulation and the development
of the concept of VS have rendered faster and more precise
this procedure than physical simulation [7, 8]. In addition,

The 5 phases of the high-precision RT process:

Simulation: Treatment Set-up Dose Response

planning: verification: delivering assessment:
and organ

«CT + optical || —{ *US | motion: > °CT

laser oCT *kV images « 4D imaging *MRI
*MRI-MRS oCT on-rails «Fluoroscopy *PET
*PET ekV or MV *SPECT

CBCT eIn-beam PET

Fig. 1 Schematic view of the imaging modalities used or now
investigated in the high-precision RT process (CT computed tomog-
raphy, MRI magnetic resonance imaging, MRS magnetic resonance
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Table 1 Main features of a CT simulator for RT treatment planning

Feature Specification
Aperture Al least 70 cm
X-ray tube 80-130 kV; 250 to 500 kV

Minimum slice width 1 mm

Patient support Table top identical to that used on treatment

machine
Acquisition time 1-2 slice/rev s ' (multi-slice 4 or 8 slice/rev s )
Laser accuracy +] mm
Accuracy of slice <l mm

location

the use of CT scan images (in some case combined with
other imaging studies, such as MRI or PET scan) represent
the current standard for performing the steps involved in 3D
conformal RT.

It is worth mentioning that the patient’s physical exam-
ination by radiation therapists should be a part of the
simulation procedure. Findings from physical examination
can be integrated in CT images by the use of radio-opaque
markers placed non-invasively on the patient’s body surface
at sites of a palpable mass, scars or other structures. Markers
can also be used to show internal body cavities or orifices.

Phase 2: RT treatment planning

RTP consists of several steps: first of all, delineation of
target volumes and organs at risk is obtained as defined by
ICRU reports 50 and 62; then, dose constraints must be
defined and lastly, a plan that meets the criteria must be
calculated.

Simulation and treatment planning are two well-separated
phases of RT, but are closely interrelated. Images acquired
during the simulation or before the RTP should be used
during planning and therefore the necessities of the planning
phase determine the selection of the used imaging modali-
ties. Table 2 shows the advantages and drawbacks of CT,
MRI and PET imaging techniques in RTP.

The role of MR in target characterization

CT images are helpful for distinguishing between structures
that have substantially different X-ray attenuation proper-
ties (air, tissue and bone), but it is difficult to discriminate
soft tissue structures with similar attenuation unless there is
a fat, air or bone interface between them. This limitation
has led to significant inter- and intra-observer variations in
tumours of the head and neck, lung, oesophageal, prostate,
breast, cervical and brain [9—14]. Thus, in the clinical
practice of radiotherapy, MRI is often routinely added to
CT-based planning to improve target volume definition.

MRI provides excellent characterization of soft tissues
and multi-planar capability [15]. The drawbacks of MRI are
the lack of attenuation information and potential image
distortion, although the possibility to estimate the electron
density information from RM images was investigated
recently with good results [16].

Efficient MR distortion assessment and CT co-registration
programs can overcome these limitations and permit the use
of MRI in RTP.

MRI has been used extensively for treating tumours of
the central nervous system, where studies have reported
quantitative improvements of up to 80% in target volume
definition [17]. Because head and neck anatomy is highly
complex, the extent of the infiltrating tumour may be
difficult to define [18]. Treatment of tumour region such as
the nasopharynx has been optimized with the integrated use
of MRI [19]. In the pelvis, MRI has provided improved
target delineation for urological [20] and gynaecological
[21] cancers. In prostate cancer, comparative MRI-CT
planning studies using MRI-defined prostate volumes as a
gold standard have reported that CT-defined prostate
volumes tend to overestimate the planning volume by 27—
43% due to soft tissue uncertainty in CT delineation [22].

Unfortunately, although standard MRI scans are able to
provide extremely detailed anatomic images, their findings
do not always correlate with tumour biology. Thus, they do
not always provide sufficient contrast to identify tumour
extent or to identify regions of high cellular activity that
might be targeted with boost doses.

MR provides numerous techniques for image-based
surrogates of different function aspects: angiogenesis-
perfusion MRI; metabolism-MR spectroscopy (MRS) and
tissue at risk and tumour cellularity-diffusion weighted
imaging [23].

Today, MRS is an emerging modality to identify the
extent and position of tumours, aiding delineation of target
volumes. MRS employs nuclear magnetic resonance tech-
niques to investigate the metabolism of chemicals in the
living body allowing the measurement of biochemical
changes within the target volume, the detection of meta-
bolic markers of different tumour phenotypes, and charac-
terize tumour microenvironments in terms of blood volume
and vessel permeability. Moreover, since the biochemistry
of tumours is different from that of normal tissue, MRS has
the potential to aid identification of tumours when there is
insufficient contrast in the morphological images.

MRS is based on the fact that different chemicals
containing the same nucleus exhibit characteristic chemical
shifts in resonance frequency, allowing the chemical form
of the element to be identified. The magnetic nuclei used to
measure the MRS signals from the different metabolites are
mainly *'P or 'H. *'P-MRS searches information on
metabolites involved in pathways up-regulated in cancer
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Table 2 Advantages and disadvantages of CT, MRI and PET for radiotherapy planning

PET

Not or minimally invasive
No radiation associated with

Potential both anatomical and
biochemical information from

Claustrophobia due to the smaller

Contraindicated in patients with
loose metal foreign bodies

Superior soft tissue imaging with
excellent spatial resolution

True multiplanar capability to
image in any oblique plane

Providing functional information

Lack of electron density
information for dosimetry
Lack of cortical bone information

Immobilization devices used in
RT may not always be MR

Open MR systems for easier
patient access, tolerance and

Both anatomical and functional information in
a single study using PET/CT scanners

Long acquisition scan

Administration by intravenously injection of
radiopharmaceutical compounds

Providing functional and biological
information

May have diagnostic value detecting metastatic
lesions that would have been missed on
conventional imaging

Asses locoreginal lymph node spread more
precisely than CT

Limited spatial resolution and lesion
detectability
Important interobserver variability

Variable effect of thresholds or other criteria
used to define tumour margins

Relative high bore (70 cm)
Flat table top

CT MRI
Patient
Advantages  Very fast scan with the potential to
reduce motion artefacts procedure
imaging
MR spettroscopy
Drawbacks  Radiation associated with imaging
(although RT patients entail much patient bore
higher radiation exposure)
within the body
Imaging
Advantages  Very accurately spatial information
Electron density information for
dosimetry
Cortical bone information to create
digitally reconstructed radiographs (MR spectroscopy)
(DDR)
Drawbacks  Sub-optimal soft tissue imaging MR image distortion
Lack of functional and biological
information
to create DDR
compatible
Machine
Advantages  High bore (85 cm)
Flat table top
positioning for RT
Drawbacks  Shielding to avoid radiation exposure

Smaller bore than CT (50 cm)

Shielding to avoid radiation exposure

Curved table top

and therefore *'P MRS could play an important role in
target identification, but the *'P sensitivity is only 6% com-
pared to 'H at a fixed field strength. 'H is the most sensitive
magnetic nucleus because hydrogen is present in nearly all
biologically relevant compounds. '"H MRS metabolites
include choline, citrate, lactate and creatine. However,
efficient water and fat-suppression techniques are needed
to suppress the large signal from tissue water and lipids.

The sensitivity and specificity of MRS techniques for
cancer studies increased significantly in the last few years,
causing new interest for their potential role as a tool for the
definition of target sub-volumes at higher risk of failure
after radical radiotherapy.

@ Springer

A number of groups investigated the sensitivity and
specificity of MRS for locating prostate adenocarcinoma:
MRS sensitivity was found to be within the range 38.5 to
77%, and specificity was found to be between 38.5 and
78%. Combined MRI/MRS had increased sensitivity up to
100% [24].

The use of MRS in radiotherapy is currently under
evaluation mainly in brain (where MRS has been shown to
differentiate between many tumour types and grades) and in
prostate (where cancer may be distinguished from normal
tissue and benign prostatic hypertrophy) [25].

In the last case, MRS has been used in combination with
MRI to define regions for dose escalation within the
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prostate permitting a dose >90 Gy to the tumour area respect
to the whole prostate treated with a homogenous dose of
about 70 Gy [26].

However, MRS use in RTP is in its infancy and the
biological and technical pitfalls of MRS need to be
underlined before its introduction into routine clinical
practice. For example, an important disadvantage of 'H
MRS is that the signals from metabolites are relatively
small, so the in-vivo resolution is poor (large voxels are
required to obtain an adequate signal to noise ratio): the
current state of the art achieves a spatial resolution of 6—
10 mm in a scan time of about 10—15 min, almost ten times
lower than that of CT and MRI and twice than that of PET.

On the other hand, the MR ability to obtain functional
and anatomical information at the same examination and
without any radiation exposure is an important advantage
compared with other imaging techniques.

Biological target characterization by PET

PET imaging permits the assessment of the biomarkers
characteristic of a neoplastic cell or related to its activity or
its environment. These cellular biomarkers reveal changes
in glucose metabolism, amino acid transport and protein
synthesis, DNA synthesis, cell proliferation, receptor expres-
sion, induction of apoptosis and tumor environment includ-
ing oxygen status. Thus, PET provides key information that
can be exploited to identify different areas of a biologically
heterogeneous tumour mass and optimize RTP [27].

The oncological biomarker probe most commonly
assessed with PET is the glucose analogue 2-[18F]fluoro-
2deoxy-D-glucose (['*F]FDG), which like glucose is trans-
ported into cells by glucose transporters (glucs) and then
phosphorylated by hexokinase (HK). Tumours generally
exhibit increased expression of glucose transporters, espe-
cially glutl, and increased activity of HK, especially HK2,
thus increasing the rate of uptake and phosphorylation of
['FIFDG. As ['®F]JFDG phosphate is not a suitable
substrate for glucose-6-phosphate isomerase and the level
of glucose-6-phosphatase is low in tumours, ['*F]JFDG
phosphate accumulates in tumours allowing their visuali-
zation by PET.

PET with ['®F]JFDG is currently used for tissue charac-
terization and to derive helpful information for patient
staging, prognosis, treatment planning and monitoring.

The role of ["*FJFDG-PET in oncological patient has
been well investigated in non-small cell lung cancers
(NSCLC). In a study of Vanuytsel et al. [28], 73 operated
patients who had undergone pre-surgery CT and PET/CT
scans were examined. CT-based and PET/CT-based medi-
astinal lymphnode gross tumour volumes (GTVs) were
contoured and were compared with surgical pathology data.
PET/CT based GTVs showed better concordance with

surgical specimen respect to CT (89 vs 75%). In 62% of
the patients PET allowed reducing GTV with a potentially
diminished toxicity. Comparisons of PET/CT and CT based
GTVs without pathologic confirmation has been performed
by several investigators. Including PET data has lead to
significant changes in mediastinal GTV in percentage of
patients varying from 22 to 100% [29-33]. PET caused
both an increase and a decrease of the GTV. In some
patients, PET allowed discovering previously undetected
metastatic disease or nodal spread, thus changing the stage
and in some cases also the intent of RT from adjuvant/
radical to palliative.

Similar studies were conducted on esophageal cancer.
The use of PET/CT resulted in a significant modification of
CT-based nodal GTVs in 47-49% [34, 35]; moreover, it
allowed detecting unknown metastatic disease.

Also for Hodgkin lymphoma PET-based GTV were
different from CT-based ones. In a study by Hutchings [36],
PET data led to an increase in CTV in 66% of the patients.
Also, in this case, no pathologic data were available.

In a 2004 study [37], Dainse compared CT, MRI, and
['"®F]JFDG-PET GTVs in pharyngo-laryngeal squamous cell
carcinoma treatment and validated the results with post-
surgical specimen examination. The study concluded that:
(1) no modality showed the extent of the primary tumour
with complete accuracy; (2) GTVs delineated from ['®F]
FDG -PET images were the closest to the pathological GTV;
(3) the use of CT or MRI led on average to an overestimate of
the tumour volume by 40 and 47%, respectively.

Schwartz et al. [38] have reported a pilot study on five
patients with different head and neck cancer for whom
restricting prophylactic RT to PET positive nodes allowed a
better sparing of non-target structures. The potential role of
["®F]JFDG-PET for rectal cancer RTP [39] or for cervix
cancer brachytherapy planning [40] is even more uncertain.

Therefore, ['*FJFDG-PET has been shown to influence
the selection of target volumes in several diseases. The idea
of a biological target volume (BTV) has been proposed but
it has not at present been accepted by the ICRU [41].

Moreover, PET can also provide prognostic information.
In head and neck patients, a lower ['*F]JFDG uptake and a
decrease in uptake after the first weeks of treatment have
both been correlated with a better local control [42]. In
rectal cancer, a quantitative assessment of ['*F]JFDG uptake
after chemoradiation has been shown to correlate with long-
term survival [43].

IMRT and active scanning hadrontherapy are capable of
delivering different doses to different sub-volumes of each
single target in a single treatment session. Combining
information obtained by one (or more) PET scans with the
dose-sculpting ability of modern RT, it would theoretically
be possible to selectively deliver a higher dose to those
portion of the target that are less likely to be controlled.
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Brahme has proposed a very exciting and very complex
approach to assess the radiosensitivity of each voxel called
BIO-ART (Biologically Optimized 3D in vivo predictive
Assay-based Radiation Therapy) [44]. This technique
consists in performing a first PET scan before starting RT
and a second one after the first week of treatment. A
mathematical model have been created to calculate the
radioresistance of each voxel and ultimately the dose
needed by each voxel to achieve optimal uniform tumor
control probability. The model accounts for perfusion,
oxygenation, tumour clonogens density, reparable and
unreparable damages, cell death and inflammation. This
approach has to be considered completely investigational.
However, information obtained from PET after an initial
course of radiotherapy could provide the basis for continuing
with RT treatment vs changing to another (e.g., surgery).

In addition to ['®F]JFDG, other tracers are and will
become available to identify different kinds of tissue
processes. A list of tracers employed in RT is given in
Table 3 with their most recent published works. The
PET tracer (18) F-fluoromisonidazole (['*F]MISO) allows
non-invasive assessment of tumour hypoxia, and 3'-deoxy-
3'-(18) F-fluorothymidine (['*F]FLT) is developed to
investigate tumour cell proliferation. In high-grade gliomas
and meningiomas, [''C]methionine PET helps to define the
GTV and differentiate tumour from normal tissue. [''C]

choline PET signals of the prostate provide adequate spatial
information amendable to standardized asymmetrical region
growing algorithms for PET-based target volume definition.
[''Clacetate PET is another promising tracer in the
diagnosis of prostate cancer, but its validity in local tumour
demarcation, lymph node diagnosis and detection of
recurrence has to be defined in future clinical trials [45].

The development of new PET radiopharmaceuticals may
lead in the future to in vivo detection of important tumour
biological properties. This would provide further useful
information for individualizing cancer treatment.

The main shortcoming of PET imaging is that the exact
borders of tumours are not well defined, making visual
delineation error-prone. The physician doing the contouring
can easily alter the apparent tumour volume on the PET
images by simply adjusting the threshold setting. To
overcome this problem, dedicated software can automati-
cally create a contour according to a set standardized uptake
value (SUV) level [46]. However, there is neither consensus
nor a standard procedure for selecting the intensity level to
contour a tumour. Open questions include the choice of the
threshold in relation to the maximal tumour intensity, as
well as the use of a single threshold approach [47]. Jentzen
et al. [48] described an interesting iterative thresholding
method to estimate PET volumes without anatomic a priori
knowledge and its application to clinical images. Another

Table 3 Recent studies addressing the role of PET in high-precision radiotherapy

PET tracer Variable

Target References

["®F]Choline
[''C]Choline

Clinical PET
studies

[''C]Methionine

Lipid metabolism

Lipid metabolism

Prostate cancer Ciernik et al. (2007) [104]
Yoshida et al. (2005) [105]
de Jong et al. (2003) [106]
Grosu et al. (2006) [107]
Ceyssens et al. (2006) [108]
Nariai et al. (2005) [109]
Tsuyuguchi et al. (2004) [110]

Grosu et al. (2003) [111]

Brain tumour

Pre-clinical PET
studies

[*3Ga]DOTATOC
["®F]Fluoromisonidazole
(["* FIMISO)

[l ! CJAcetate

["*NINH;

3'-Deoxy-3'-['*F]
Fluorothymidine
(["*FIFLT)

4-borono-2-['*F]-fluoro-
1-phenylalanine-fructose
(['*F]FBPA-F)

Synthesis of proteins
Hypoxia marker

Cell proliferation marker

Radiation necrosis

Cell proliferation marker

Boron carrier in boron
neutron capture therapy
(BNCT)

Brain tumour
Head-neck cancer;
lung-cancer

Prostate cancer;
head and neck
Brain tumour
Murine SCCVII tumours
Model of Esophageal

Cancer.
Brain tumour

Milker-Zabel et al. (2006) [112]
Thorwarth et al. (2007) [113]
Gagel et al. (2006) [114]
Thorwarth et al. (2006) [115]
Eschmann et al. (2005) [116]
Sun et al. (2007) [117]
Oyama et al. (2003) [118]
Dehdashti et al. (2003) [119]
Xiangsong and Weian (2007)
[120]
Yang et al. (2006) [121]
Sugiyama et al. (2004) [122]
Chao (2007) [123]

Chen et al. (2004) [124]
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method developed for automatic volume segmentation is
based on the relationship between source-to-background
ratio and the activity level as described by Daisne et al.
[49]. This latter method looks promising in relation to
pathologic examination in laryngeal cancer. Because scan-
ning protocols and SUV levels are not yet standardised
[50], published data still need to be validated in individual
departments before they can be introduced into clinical
practice. Furthermore, many other factors affect PET
tumour contours: the tumour’s metabolic activity, hetero-
geneity within a tumour and tumour motion [51].

Important technical hurdles of PET employment in RTP
are also incapability problems (depending of vendors) in
transferring PET images with the picture archiving and
communication system (PACS) standard and visualizing
real SUV values on the RTP systems (not only tons of
colours). The principal obstacles to PACS and PET
integration have been listed as [52]: (1) loss of information
stored in manufacture’s specific private fields; (2) poor
support for the PET or nuclear medicine portions of
DICOM standard (I0Ds); (3) the assumption that the PET
and nuclear medicine IODs are the same thing; and (4) poor
image display design and functionality.

Simultaneous use of multiple imaging modalities
and co-registration issues

To be used in RTP, PET and MRI-MRS images must be
accurately matched and co-registered with CT images of the

treatment simulation. Normally, the CT slices are kept as
the standard upon which the other modality images are
aligned automatically or interactively.

The motivation for registering studies is to be able to
map information from one study to another or to directly
combine or fuse the imaging data to create displays that
contain relevant features from each modality. For exam-
ple, a tumour volume may be more clearly visualized
using a specific MR image sequence or a coronal image
plane rather than axial CT. If the geometric transformation
between the MR and the treatment planning CT study
is known, the clinician can outline the tumour using
images from the MR and then map these outlines onto the
CT images. Another approach to combining information
from different imaging studies is to directly map the
image intensity data from one study onto another so that
there are two (or more) intensity values at each voxel
instead of one. For example, functional information from
a PET scan can be merged or fused with the anatomic
information from a CT study and displayed as a colour
wash overlay.

Software co-registration methods are now available in
most RTP systems. These algorithms could be grouped as
feature-based or volume-based methods. Feature-based
registration algorithms seek to align corresponding anatom-
ic landmarks, organ surfaces or other features (also with the
help of external fiducial markers). A representative example
of the feature-based approach is the ‘head and hat’ method
[53]. Volume-based algorithms have been introduced to

PET-CT fused images

Fig. 2 Co-registration PET and CT data (obtained from separate PET
and CT devices) performed on a Hermes workstation, using a
normalized mutual information algorithm. The axial, coronal and
saggital images belong to a non-small-cell lung cancer patient with
atelectasia of the left upper lobe (shown by the arrow), which was not

part of the target volume. Acquisitions were performed according to
the method previously described [103]. Courtesy of Ursula Nestle,
Department of Nuclear Medicine, Saarland University Medical Centre,
Germany

@ Springer



828

Eur J Nucl Med Mol Imaging (2008) 35:821-837

maximize the similarity (cost function) between images. A
representative example of the volume-based approach is the
‘mutual information’ method [54]. These techniques have
been shown to achieve better accuracy than surface-based
methods [55] (Fig. 2).

Regarding merging functional with anatomic informa-
tion, because MRS are acquired using MRI scanners, they
are automatically inherently co-registered with the MRI
images obtained in the same patient position. MRI and CT
co-registered is usually obtained either external fiducial
markers that can be seen by both imaging modalities, or
using software methods such as the mutual information.
Variations to be taken into account are the use of extra coils
for MRS examination, such as the endorectal coil used in
prostate MRS which adds additional displacement changing
to the prostate geometry respect to its treatment position.

For PET, the software co-registration methods can be
improved by the use of PET transmission maps or CT images
of the integrated PET/CT systems in the cost function
because the physiologic variations of the radio-isotope up-
take could reduce the accuracy of the co-registration.

Hybrid PET/CT scanners have become widely used in
diagnostic oncology applications, but only recently, patients
were simulated in radiotherapy position on a dedicated PET/
CT simulator with personal immobilisation and patient laser
marker system [56]. The alignment accuracy of simulation
CT and PET obtained on a hybrid scanner could be higher
than that obtained by software co-registration reducing the
inconsistency of patient positioning by acquiring functional
and anatomical information in the same setting.

Anyway, it should to be taken into account in using PET/
CT hybrid scanners that CT data are more rapidly acquired,
whereas a PET dataset needs a longer acquisition time,
which leads, in turn, to contouring problems. For example,
breathing in the thoracic region and bowel and bladder
motion in other regions can all produce artefacts. Moreover,
for RTP purpose, it could be necessary to acquire CT
images in different body configurations for specific
purposes (see paragraph below on phase 4), such as in
deep inspiration, even when using a hybrid PET/CT system
and to co-register the different CT sets with the standard CT
images used to attenuation correct the PET emission data.

Recently, Simon Cherry’s group has started to develop
MR compatible PET detectors at UCLA [57]. The detector
principle is based on the use of long optical fibres that
guide the light from scintillation crystals positioned within
the magnetic field to position sensitive photo-multiplier
tubes outside, where the fringe field drops below 10 mT.
The light guide is 34 m long. Based on this technology,
the first simultaneous PET and MR imaging studies of
phantoms at 1.5 T were performed with a single-layer
lutetium oxyorthosilicate (LSO) ring measuring 54 mm in
diameter [58].
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The earliest motivation for combined PET/MRI was the
fact that strong magnetic fields can reduce the positron
range effect. However, significant resolution improvements
are realized only at high fields (4.7 T or higher) and only
for those positron emitters that emit high-energy positrons.
The current motivation appears driven by biomedical
applications in certain areas in which MRI is the anatomic
imaging modality of choice [59].

In any case, connectivity, compatibility and cooperation
between various clinical departments are essential for the
successful application of multiple imaging modalities in RTP.

Phase 3: patient set-up verification

In conventional RT, treatment verification was usually done
by means of the megavoltage (MV) linear accelerator beam,
in high-precision RT more complex approaches are needed.

With high-precision radiotherapy, the treated volume is
closely conformed to planning target volume (PTV);
outside this volume, the high gradient results in a steep
dose decrease. This enhanced conformity reduces the
volume of OARs being irradiated; it is therefore more
critical to correctly define the range of set-up uncertainties
and to give adequate margins from clinical target volume
(CTV) to PTV to avert the risk of geometrical misses at
some or even all treatment fractions.

A set-up error is the difference between the actual and
intended position of the part of the patient that is irradiated.
In this section, an overview of imaging devices used to
verify and correct set-up errors is given. In conventional
approaches, imaging is used to verify set-up errors in the
first treatment session after the patient is re-positioned on
the accelerator table. In subsequent sessions, the patient is
positioned with the aid of lasers and skin marks (tattoos).
Depending on the site, imaging can be used for additional
verification. In conventional RT, the same MV beam
employed for therapy is used to obtain verification images
(portal imaging) [60] that are detected through an electronic
portal imaging device (EPID). Although faster, EPID is still
limited by low subject contrast of bony anatomy at MV
energies, large imaging dose, and small radiation fields.
With EPID, the accuracy of set-up measurements depends
largely on the availability of software for automatic
matching of reference images and portal images.

In IGRT, imaging is routinely used for positioning at
each treatment session with several technologies. These
modalities may be divided into five groups:

1. ultrasonography devices;

2. room-mounted kV X-ray tubes;

3. traditional multi-slice CT scanners integrated ‘on rails’
with the gantry linear acceleration;
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4. kV or MV cone beam CT scanners with flat-panel
technology;

5. special promising IGRT techniques combining imaging
devices and dose-delivering machines.

Although the technological advances in IGRT can po-
tentially improve clinical outcome, no single technology or
strategy exists that is appropriate for all clinical scenarios.

1. Ultrasonography

Ultrasonography (US) is used for daily target localiza-
tion before treatment, especially for prostate cancer [61],
where a significant positional discrepancy of the prostate
exists between the static CT image made for planning and
dynamic day-to-day condition of the patient [62].

There are at present several dedicated US IGRT systems
[63—65]. In these systems, the echo-graphic probe is
localized with respect to the treatment isocenter (usually
with optoelectronic technologies) so that its 3D position is
known; therefore US images obtained with the probe can be
precisely referred to 3D planes with a known orientation
with respect to room reference coordinates. The system
superimposes the critical structures (rectum, bladder and
prostate for prostate treatment) outlined in the RTP phase
on the US images. Then, a user-friendly interface allows the
physician to move these structures on the screen in order to
make them fit with their actual position. Dedicated software
compares the actual position of the structures outlined with
the theoretically expected position obtained from the CT
simulation and then calculates and displays the rotational
and translational shifts needed to reposition the patient
according to the initial set-up (Fig. 3).

Fig. 3 Axial (right) and sagittal
(left) ultrasound images. The
contours in a outline the posi-
tions of prostate, rectum and
bladder as expected from the
simulation CT. Contours in b
have been moved by the opera-
tor to fit the actual positions of
the organs

Axial US images

US imaging rarely causes the patient any discomfort and
has no known long-term side effects. Because the image
quality is diminished when there are air gaps or interposed
bones, US is not used for lung and brain imaging. The
major disadvantage of US in relation to patient set-up
evaluation is that since it is impossible to verify the planned
field geometry, a second set-up verification technique needs
to be used before delivering the dose.

2. Room-mounted kV X-ray tubes

Megavoltage X-rays provide lower quality images (low
contrast and spatial resolution) than kV X-rays because of
smaller differences in the attenuation coefficient in the
human body at MV than at kV energy. This is why kV X-
rays are being more and more employed for imaging in the
treatment room. In the simplest kV approach, two orthog-
onal X-rays tubes and corresponding detectors are installed
in the treatment room. Once the patient is set-up on the
table as planned, two kV X-rays 2D images are acquired.
These images are registered and compared with the
reference images (DDRs) to determine needed corrections.

Two-dimensional kV imaging performs very well for sites
with bony structures, but the necessary imaging contrast for
soft tissues is not easy to obtain. One solution is to implant
radio-opaque markers into the target prior to treatment [66].

3. CT-on-rails system

An in-room CT (Fig. 4) is a conventional multi-slice kV
CT scanner connected via the treatment table with a linear
accelerator that can produce 3D images of the patient’s
anatomy in the exact treatment set-up. The CT scanner is
mounted on rails to allow the CT gantry to move over the

Sagittal US images
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Fig. 4 Illustration of the geom-
etry of an in room CT on-rails
integrated with a linear
accelerator

Linear accelerator

patient, instead of having the patient table moving through
the gantry, as in typical diagnostic radiology. The CT-on-
rails technology was originally developed for intra-operative
surgical or interventional guidance to scan without patient
motion. After scanning, the treatment couch is rotated to the
accelerator side for irradiation. Its accuracy has been
demonstrated by Cheng et al. [67].

The CT data set can be also used without any
transformation for treatment planning and dose calculation.
This makes CT-on-rails well suited for target point
verification, correction of setup errors and inter-fraction
target deviations due to organ motion, as well as for
recalculation of the actually given dose. Systematic changes
in the patient’s anatomy during therapy (e.g., weight loss,

Fig. 5 Representative axial,
coronal and sagittal CBCT
images (On board imaging,
OBI, Varian Medical Systems,
Palo Alto, CA, USA) of a
patient being treated in the pel-
vic region using a stereotactic
body radiation therapy (SBRT)
technique. The images are co-
registered with the CT images of
the RTP phase

@ Springer

gantry moves
during slice acquisition

Stationary table
/

v

CT-on-rails

Table

tumour mass reduction) can then be taken into account and
the radiation treatment plan re-optimized if necessary [68].
Further investigation needs to be carried out for it to be
used in real-time treatment re-optimization because of
several remaining issues: integration with routine clinical
treatment due to a lack of software tools, frequency of imaging
(even in IGRT, a CT scan would not be performed before each
treatment fraction), and the cost—efficiency ratio [69].

Clinical experience is still very limited but CT-image-
guided radiotherapy appears promising for prostate [70],
head and neck cancer [71] and spinal tumours [72].

Because CT scanning is not possible in treatment
position and in real time, in principle, this device is not
suited for adaptation to intra-fractional variations.
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4. KV- or MV-cone beam CT (CBCT)

In the cone beam CT technique, multiple 2D images are
obtained by cone shaped X-ray beams from a kV (X-ray
tubes) [73] or a MV (linear accelerator beam) source while
the gantry rotates around the patient. A 3D image set is then
reconstructed using those planar images (Fig. 5) [74].

Owing to the relatively slow gantry rotation (typically
about 60 s for a full 360° scan) in acquiring the CBCT
projection data, the patient’s respiratory motion causes
serious problems such as blurring, doubling, streaking and
distortion in the reconstructed images, which heavily
degrade image quality and target localization [75].

MV-CBCT utilizes the linear acceleration radiation beam
and flat panel detector employed for portal imaging to
acquire a series of very low-dose 2D projections. These
projections are then used to reconstruct the 3D volumetric
data set that can be compared with the planning CT [76, 77].

MV-CBCT has displayed superior imaging character-
istics in the presence of high Z materials in the imaging
field, for example, for head and neck patients with dental
work or pelvis patients with a hip prosthesis [89].

5. Special IGRT techniques

All these techniques can be combined with a conven-
tional linear accelerator, but dedicated machines offer tight
integration between precise set-up verification and a
sophisticated dose delivery system.

The robotic CyberKnife™ from Accuracy (Sunnyvale,
CA, USA) represents a special technology that incorporates
recent advances in robotics and computerized image recogni-
tion [78]. The CyrberKnife mounts a 6-MV lightweight
linear accelerator on an industrial robotic arm that accurately
(six degrees of freedom) delivers the radiotherapy dose. For
real-time digital imaging, two ceiling-mounted diagnostic X-
ray cameras with a corresponding orthogonal, floor-mounted
amorphous silicon detector are used. These imaging devices
can of course be used also with conventional Linacs. The
peculiarity of Cyberknife is the close integration between set-
up verification and dose delivery. During a single treatment
session multiple couples of X-ray images are acquired and
are automatically compared with references DRRs. Deviation
from the initial set-up position are automatically compensat-
ed by the robotic arm.

Helical Tomotherapy (HT) (Fig. 6) is an alternative means
of delivering IMRT using a device that combines the features
of a linear accelerator with those of a helical CT scanner. The
CT images are generated using the same MV radiation beam
as the X-ray. The Megavoltage CT thus obtained provide
good 3D soft tissues characterization. Because the unit uses
the actual treatment beam as the X-ray source for image
acquisition, no surrogate telemetry systems are required to
register image space to treatment space.

Fig. 6 A commercial HT (Helical Tomotherapy) System. Tomother-
apy, Madison, WI, USA. As shown by the figure, this system employs
a unique approach to radiation therapy delivery designed as a CT
scanner. Before each administration of radiation, a CT scan is
performed to precisely target the tumor and avoid nearby critical
normal tissues by adjusting the patients’ position based on anatomical
changes in tumor position, shape or size. Once this adjustment takes
place, radiation is administered in a helical fashion

Phase 4: imaging for organ motion and dose delivery
monitoring

As discussed above, a major problem in defining target
volume and dose delivery is lesion movement resulting
from internal organ motion. Temporal anatomic changes
can occur for many reasons, but the clinically most relevant
is respiration motion during treatment for thoracic and
abdominal tumours.

Organ motion

Organ motion is a universal issue in RT but even more
relevant in high-precision techniques. IGRT techniques can
be used to assess inter-fraction deformation such as those
produced by different filling of rectum and bladder, but
intra-fraction organ motion demands different more sophis-
ticated approaches.

Cardiac activity and bowel peristalsis can be a source of
intra-fraction motion but are minor problems compared to
breathing.

In conventional RT, PTV margins are chosen to contain
CTV in its excursion during the entire breathing cycle, that
is to say that, over the course of treatment, the end
expiration and the end inspiration positions of the CTV
are always irradiated even though the CTV actually transits
in those positions only briefly.

The explicit inclusion of temporal changes in anatomy
during the whole RT process (imaging, planning and dose
delivery) have led to the development of the four-
dimensional (4D) radiotherapy.
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In 4D RT, the inclusion of temporal changes in anatomy
during radiotherapy, including simulation, planning, as well as
dose delivery, reduces PTV margins. To achieve this goal, CTV
motion needs to be measured with respect to breathing phases.

Three different approaches are possible:

1. controlled breath hold;
2. respiratory gating;

3. tumour tracking.

1. Controlled breath hold

The patient is instructed to hold his breath during both
simulation and treatment delivery. Organ motion is thus
abolished during simulation and a static CT image is
obtained; to ensure that the procedure is correctly reproduced
during treatment delivery, the patient needs to receive
feedback (usually a visual signal) that can be either direct
measurement of target position by means of fluoroscopy or
indirect assessment by measuring other parameters (inhaled
volume, optical skin marker position) [79-81].

2. Respiratory gating

In the respiratory gating method, patients breathe freely
and treatment is delivered only in a well-defined part of the
breathing cycle. To perform gating, a CT acquisition is
obtained during free breathing, but each slice is acquired
only when the patient is in the correct phase. The signal that
triggers CT acquisition is either thoracic wall displacement
(measured with optoelectronic technique) or airflow. Dose
delivery during treatment is triggered by the same signal
that was used for simulation [82—84].

3. Tumour tracking

With this method, patients breathe freely and the
delivered field is moved synchronously to follow the CTV
in its displacement during the whole breathing cycle [85]. A
4D data set must be acquired during simulation. 4D CT
consists of a series of 3D CT image sets acquired at
different respiratory phases. Deformable image registration
is performed to map each CT image to the corresponding
set, considering the peak-inhale respiration phase of each
subsequent breath [86].

CT scanning can be adapted to all three approaches,
while MRI and PET are usually done only in free breathing.
A novel technology has made dynamic MRI of lung motion
and lung tumour mobility during continuous respiration
feasible with a possible benefit for RT planning [87]. With
fast MRI imaging, sample images of the entire lung volume
can be obtained fast enough to analyze true motion and
deformation during the breathing cycle, whilst the patient
breathes freely, as they would during most radiotherapy
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treatments. Improved MRI technology allows the entire
lung to be imaged in a fraction of a second so that organ
motion in different breathing cycles can be compared and
the variability of the motion assessed in 3D from one cycle
to the next. Such studies cannot be carried out using 4D CT,
which at present, is formed by acquiring data over many
breathing cycles. Spatial correspondence between each of a
set of MR image volumes acquired over the breathing cycle is
determined using an automatic image registration algorithm.

Standard PET scanning (free breathing) produces an
image of the target representing the integral image of the
whole volume within which the lesion moves during
breathing, with an apparent increase in lesion size and an
apparent decrease in activity concentration.

Considerable effort is being focused on the implemen-
tation of 4D gated PET/CT acquisition protocols for
acquiring PET/CT images synchronized with the patient’s
breathing curve [88, 89].

Breath holding, gating and tracking techniques have
been shown to reduce margins between CTV and PTV and
to minimize dose to normal tissue or OAR. During
treatment delivery, the target position can be derived by
the usual indirect measurement or directly detected with
fluoroscopy performed using in-room-mounted kV X-ray
[90]. However, fluoroscopic imaging causes a significant
amount of extra irradiation of the patient.

New prospects for PET-based dosimetry

Another essential part of high-precision RT is an efficient
quality assurance procedure. One exciting area of research
in this field is the in vivo verification of the 3D-dose
distribution delivered at each treatment session. This can be
done with high-energy photons (20 MeV or more) and
particles (protons and carbon ions). Such radiations produce
B"-emitting radionuclides by interacting with living matter
components during the delivery of RT. This " activity
allows PET images to be obtained while the dose is being
delivered or immediately after [91]. Although 3D B
activity distribution differs from 3D-dose distribution, they
are strongly correlated.

In dose distribution evaluation, the use of PET to image
B" activity distributions induced in the target volume
during patient irradiation is currently the most promising
technique for in situ, non-invasive dose delivery monitor-
ing. Its use and recent evaluations are discussed below.

A further potential use of PET is to verify the 3D dose
distribution delivered during treatment with high-energy
photons (20 MeV or more) [92], protons [93] or light ions
[94] as they can produce 3 -emitting radionuclides, such as
C and 0, by interacting with living matter components.

For almost 30 years, detection of these [ -emitting
radionuclides has stimulated the development of in-beam
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PET scanners that can monitor the accuracy of targeting and
dose delivery in the treatment room. In-beam PET scanners
are systems able to detect photons derived from the B
decay of radionuclides formed in the target organs by the
incident beams [95]. The use of in-beam PET is preferable
to off-beam PET as most of the signal derives from the
decay of 'O and ''C, i.e. two rapidly decaying radio-
nuclides (1,,=123 s for 'O and #,,=20.4 min for ''C).

The performance of different types of PET cameras, as
well as the results of in-beam PET experiments using beams
of p" active heavy ions ('O, '"F and '"Ne with energies of
300-500 A MeV), were studied by Pawelke et al. [96].
From the deduced performance, the first dedicated PET
scanner for in situ and in vivo treatment plan verification
and beam monitoring, as well as dose control during heavy-
ion tumour therapy, was constructed at the Gesellschaft fiir
Schwerionenforschung (GSI) in Germany. This scanner is a
dual-head positron camera with commercial position sensi-
tive bismuth germanate (BGO) detectors.

The use of a clinically designed scanner has problems
related to the low signal to noise ratio from the 3 -emitting
radionuclides. Specifically, the limitations are that in-beam
PET data are highly corrupted by random coincidences that
arise from prompt y-rays after nuclear reactions of the
projectiles with the atomic nuclei of the tissue. They cannot
be suppressed with random correction techniques used in
conventional PET. Furthermore, the spatial distributions of
the delivered dose and of the induced B activity are not
congruent. Dedicated procedures have been developed to
verify the correct delivery of the treatment plan by means of
in-beam PET for monitoring therapy.

Recently, Surti investigated by Monte Carlo simulation
the design of a whole-body PET scanner based on new
lanthanum bromide (LaBrs) detectors [97]. The results
show that there is a gain in signal to noise ratio arising from
the reduced scatter and random fractions in a LaBrj
scanner. The reconstructed image resolution is slightly
worse than BGO, but at increased count-rates, reduced
pulse pileup yields good image resolution, making LaBr; a
promising detector as a basis for in-beam PET scanner.

Ongoing research into the possibility of in vivo
dosimetry through portal imaging could be implemented
in commercial linear accelerators in the next future [98].

Phase 5: assessment of tumour response

An accepted indicator of successful therapy, included in the
Response Evaluation Criteria in Solid Tumours (RECIST),
is the decrease in tumour size and lesion enhancement by
anatomical imaging (CT or MRI). The size considered is
the largest tumour diameter in the axial plane. However,
post-treatment morphologic imaging may fail to differenti-

ate between viable tumour and fibrosis, effusion, atelectasis
and radiation-induced pneumonitis. Some lesions may
persist indefinitely on CT scan, despite the achievement of
local control.

Because of the limitations posed by structural imaging
modalities on the evaluation of the disease status after RT,
the use of functional imaging, most notably ['*FJFDG-PET,
has been investigated with important outcomes. PET/CT
with ["®F]JFDG has been shown to be highly accurate in
determining the viability status of residual post-therapeutic
lesions in Hodgkin’s diseases and non-Hodgkin’s lympho-
ma, seminoma, head and neck tumours and lung cancer [99].

In addition to ['®F]FDG, the use of other radiotracers
have been examined for assessing tumour response after
radiotherapy, with good results. For example, Molthoff et
al. [100] investigated the uptake of ["®F]FLT in nude mice
bearing xenografts of human head and neck cells, before
and during fractionated radiotherapy, to evaluate the
potential of [ISF]FLT-PET imaging as an indicator of
tumour response respect to ['|FIFDG.

The use of PET imaging for RT response assessment
could be improved not only by the availability of specific
radiotracers, but also by the development of dedicated high
resolution scanner, such as positron emission mammogra-
phy (PEM). The PEM combines the quantitative capabili-
ties of PET with millimetre resolution allowing the
visualization of the earliest in situ forms of breast cancer
as well as putative cancer precursors lesions (e.g., atypical
ductal hyperplasia) [101].

However, the optimal timing of post-treatment PET
remains undefined. Optimal timing must take into account
both the time for resolution of the post-radiotherapy
inflammatory response, to minimize false positive results,
and the time of residual diseases to reach the thresholds of
PET resolution, to minimize false negative studies.

Beside PET imaging, other nuclear medicine techniques
have recently been investigated for tumour response assess-
ment after radiotherapy treatment. Ergiin et al. [102] studied
the role of Tc-99 m (V) dimercaptosuccinic acid (DMSA)
scanning in the detection of lung cancer and its metastases,
and monitoring the response of tumour lesions to chemo/
radiotherapy concluding that single photon emission to-
mography (SPECT) with DMSA could be applied to all
patients for the detection of deeply located lesions.

Today, the role of nuclear medicine techniques in the
assessment of tumour response at the end of the RT
treatment is established.

Conclusion

Advances in high-precision radiotherapy are closely
connected with research into two different areas: volumetric
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and temporal multi-modality imaging in treatment planning
and assessment response and image-guided radiotherapy
before and during dose delivery. These techniques allow
organ motion and setup uncertainties to be better measured
and controlled during treatment, augmenting accuracy,
precision, and overall quality of radiotherapy. This raises
the possibility of shortening the duration of RT by reducing
the number of treatment sessions (hypo-fractionated radio-
therapy). Nonetheless, many issues remain unsolved:
optimal organ motion correction during treatment, inter-
observer tumour delineation variability, effect of thresholds
or other criteria to define tumour margins in PET/CT
imaging and optimal timing of post-treatment imaging.

The increasing use of imaging techniques for high-
precision RT planning and IGRT and the development of
hybrid scanners for target volume definition require through
knowledge of all the techniques from imaging specialists
working in close connection with radiation therapists, also
for optimizing features and dosimetry.
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