






•The process of radiation treatment is complex and involves multiple stages,
beginning with patient assessment and diagnosis and ending with radiation dose
delivery and follow-up

•One crucial step in that process is the determination of the location and extent of
the tumour that is to be irradiated as well as the critical normal tissues that are to
be spared

•This presentation deals with the use of imaging to determine the target
volume(s) as well as the volumes of the organs at risk (OAR)
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•This slide describes the various procedures applied in 2-D treatment planning
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•Special contouring devices are available for determining the central
outline at the position of the target volume
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•Various imaging modalities are available to help with the determination of
target and organ at risk volumes

•Each has different capabilities, partly relating to dimensionality but also
relating to the imaging technology and its capability of determining organs
at risk



5

•When comparing the advantages and disadvantages of the available
technologies it is useful to have a number of categories of comparison

•These can then be ranked and evaluated in terms of determining their
need in a particular setting



•Understanding the transition from 2-D to 3-D becomes clear when we review the
capabilities of the use of conventional simulation in comparison to the use of CT
scanner in radiation therapy planning



•The main aims of a simulator are to check if the treatment setup is possible, and
to mark the field and isocentre



•Note that simulators have many degrees of freedom

•These degrees of freedom should match the geometric capabilities of what the
radiation treatment machine can do



•A simulator film uses kV diagnostic x-rays to provide a 2-D transmission image

•This image includes guide wires which demonstrate the field shape that will be
used by the radiation therapy machine
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•Double exposures are often used on the therapy machine with MV photons to
demonstrate both the irradiation field as well as the surrounding structure
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•Note that the simulator (kV) image has a higher quality than the port film (MV
image)



•There is a significant limitation on the conventional therapy simulator in that a
couch rotation combined with a gantry rotation is limited because of the image
intensifier – a limit that is not on the treatment machine unless it has a beam
stopper
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•A review of the capabilities of a CT scanner quickly shows the
advancement to the third dimension.
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•In addition to its role in structure delineation, CT is the primary modality
for treatment simulation and treatment planning, including dose calculation

•The role of CT in simulation requires that geometric accuracy of the
image representing the patient, both at the CT scanner and after transfer
to the treatment planning system (TPS), is critical.
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•It has been said in the past that for treatment planning it may not be
necessary to use a high quality CT scanner

•It needs to be recognized that the accurate determination of target
volumes requires the best quality “diagnostic” CT scanner available and
affordable

•While the quality of the scanner available may be limited by resources, it
should not be limited by the philosophical perspective that a lower quality
scanner is acceptable in the radiation therapy planning context



•The role of CT in dose calculation means that each pixel has a CT number which
has to be converted into electron-density in the TPS, both for validation of the
density of the object being scanned, as well as for the effect of heterogeneities on
the dose calculation algorithm



•CT images consist of a matrix of CT numbers

•On older scanners the matrix for a single slice was 256X256 elements (pixels),
while on newer scanners the images are at least 512X512 pixels per slice with
most scanners having 1024X1024

•A CT number relates to the linear attenuation coefficient of the pixel in
comparison to the linear attenuation coefficient of water

•By definition, as shown in the equation, the CT number (NCT) for water is zero
and the CT number for air is -1000



•CT scanners operate with x-ray energies peaking at about 120 to 140 kV

•Thus, the radiation interactions with the patient are a combination of
photoelectric effect and Compton effect

•For radiation treatment, however, we usually use megavoltage energies either
with cobalt-60 machines or with linear accelerators having MV photons which
generally interact with Compton effect

•The probability of a Compton interaction is proportional to the relative electron
density of the medium, thus, for dose calculations we need relative electron
densities

•Therefore, we need to convert the images that contain CT numbers to relative
electron densities



•The slope of the curves representing the relationship between CT number and
electron density is different for water-like tissues and bone-like tissues



•Numerical values are now included in the equations 1 and 2 mentioned in the
former slide
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•Dedicated CT scanners for radiation oncology typically have fixed flat
couch inserts, immediately available immobilization devices, lasers and
software for CT simulation

•A schedule controlled by radiation oncology is required that
accommodates the increased time for CT simulations compared with CT
scanning alone



•CT scans for radiotherapy can be acquired with a CT scanner dedicated to
radiation oncology, or shared with other resources, particularly radiology

•When a CT scanner is a shared resource, a flat couch insert and immobilization
devices need to be available; there may not always be lasers for virtual
simulation, and there can be time pressures

•CT images pervade the entire workflow of 3-D conformal and IMRT treatments
and consequently appropriate staffing, protocols for use and quality assurance
are required to safely implement CT-based treatments



•The shape and position of the target volume and normal tissues may vary
enormously during a respiration cycle



•Furthermore, the electron density of the lung will be lower during full inspiration
compared to normal respiration



•There is an increased focus on the management of respiratory motion in
radiotherapy

•One approach to manage respiratory motion is to acquire respiratory-correlated,
or 4-D, thoracic CT scans

•4D-CT can be used for estimated tumour and normal tissue motion and can form
the basis of motion-inclusive, respiratory-gated or tumour-tracking planning and
delivery

•4D-CT results in an order of magnitude more imaging data to be acquired,
processed, stored and used for planning

•This technology is maturing, and further guidelines for the acquisition and
specific applications of 4D-CT in radiotherapy are needed
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•Computed tomography is and will be likely to remain the predominant
volumetric imaging modality for radiotherapy

•In common with other volumetric imaging modalities, CT is used to
delineate tumour (GTV), suspected tumour (CTV) and normal structures

•In addition to its role in structure delineation, CT is the primary modality
for treatment simulation and treatment planning, including dose calculation
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•Spiral computed tomography is a type of CT in which the x-ray source describes
a helical trajectory relative to the object while an array of detectors measures the
transmitted radiation

•In practice, the source and detectors are mounted on a rotating gantry while the
patient is moved axially at a uniform rate



•Current CT technology applies a matrix detector that can be irradiated with x-ray
beams having different size



•Oncology CT scanners need a large patient aperture (“bore hole”) to
position the patient in treatment position



•Modern oncology CT scanners have an 85 cm patient aperture thus
allowing breast cancer patients to be scanned with the arms in treatment
position
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•Comparison of two approaches of the simulation process



•Design of a CT scanner facility used for radiotherapy applications illustrating the
position of the various components including the lasers for accurately positioning
the patient



•A number of scan parameters influence the image quality and image acquisition
time



•Radio-opaque markers are used during CT scanning to indicate specific points
on the skin with respect to the internal anatomy



•The CT scan is used to contour the various target volumes and organs at risk



•The BEV display allows a judgment of the position of the treatment field with
respect to the patient anatomy



•This slide shows the difference in field outline as observed in BEV between an
MLC-collimated and lead–block beam

•It should be noted that for the final decision about the exact leaf positions, the 3-
D dose distribution should be used



•Another example of using the BEV option to correlate the various beams with
respect to the patient anatomy and to each other



•Multi-planar reconstruction software allows the CT data to be represented in any
plane

•The interpretation of images in other planes than the three orthogonal planes is
often non-trivial



•DRRs are used for comparison with portal films or beam’s‐eye‐view to verify patient
set‐ up and beam arrangement





•The observer’s–eye view is a way of displaying beams with respect to the
anatomy of a patient

•It shows an observer the direction and orientation of the beams in relation to the
surface of the patient, as well as to volumes delineated on the CT scan of the
patient
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•From: Cossman, Schiefer, Seelentag, Website, St. Gallen, Switzerland



•From: Cossman, Schiefer, Seelentag, Website, St. Gallen, Switzerland



•This slide shows the difference in image quality of comparable images made
with a Simulator-CT and a “normal” CT scanner
•Figures from Redpath et al. in: Modern Technology of Radiation Oncology, Vol 1



•Varian Acuity

•From: www.varian.com
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•This slide shows the greater soft tissue contrast of MR compared to CT, and the
better visibility of bony structures on CT images

•After contouring the target volume on MR images, the MR and CT images are
fused and the CT data are used for further treatment planning



•After fusing the MR and CT images, the CT data are used for further 3D
treatment planning

•The figure at the bottom illustrates the principle of MR imaging and has been
taken from: T Peters et al. Imaging for Radiation Therapy Planning (MRI, Nuclear
Medicine, Ultrasound), Modern Technology of Radiation Oncology, Vol 1



•This slide shows the difference in contouring when using MR or CT

•Because of the better visibility of soft tissue, MR imaging is for some tumour
types often used in combination with CT for delineating target volumes



•CT scans of patients having a hip prosthesis show large imaging artifacts

•Delineating the target volume and OARs is in these cases easier when using MR
compared to CT

•It should be noted that because of these distortions, some CT values may have
wrong values resulting in rather large uncertainties in the dose calculation



•This slide clearly shows the advantage of MR compared to CT in visualising soft
tissue sarcoma and delineating the target volume



•This slide shows how MR information can be used fro treatment planning

•The GTV of this base of skull (?) tumour can much better be delineated on the
MR scan

•After delineating the GTV by the radiologist and/or radiation oncologist, the CTV
and PTV by the radiation oncologist, the MR and CT images will be fused

•The CT data will then be used for treatment planning of this patient, including
performing the dose calculation



•When deciding if MR images are useful for treatment planning of a specific
tumour site, it is good considering the various pros and cons of MRI for such a
case



•In this slide the principle of a PET scanner is illustrated

•When a positron emitted by a radionuclide (blue line), annihilates with a negative
electron (red line), two 511 keV annihilation photons (multi-colour lines) will be
emitted in opposite directions, and can be detected by two detector elements
positioned under 180 degrees to each other in the circular detector array (grey
area)



•A PET-CT scanner combines the two imaging modalities for a patient in the
same position on the couch



•Note that the patient has to be moved from the CT scan plane to the PET
reference plan to image the same volume in the patient

•The two imaging modalities are thus used sequentially



•In addition to the use of PET for target delineation, PET is also capable of
imaging a wide variety of biochemical and biologic features of the tumour which
are of potential radiobiological importance and could be utilized for patient
management and treatment planning

•By using specific tracers (e.g., of hypoxia, angiogenesis, proliferation) PET can
provide prognostic information on the aggressiveness of the cancer as well as
information for a “dose painting” treatment

•Such PET application, however, is not yet in routine clinical practice



•This figure shows the reduction in variation in target volume delineation when
using CT/PET instead of CT alone

•Figure taken from: K. Mah, C.B. Caldwell, Y.C. Ung, C.E. Danjoux, J.M. Balogh,
S.N. Gangali, L.E. Ehrlich, R. Tirona. The impact of (18) FDG-PETon target and
critical organs in CT-based treatment planning of patients with poorly defined
non-small-cell lung carcinoma. A prospective study. Int J Radiat Oncol Biol Phys
52, 339-350 (2002)



•By adding PET information to the CT data as shown in (a), tumour areas could
be discriminated from areas such as lymph nodes and blood vessels that did not
show increased FDG uptake as can be seen in (b)

•As a consequence there was much better agreement between the radiation
oncologists in delineating the target volume

•Figure taken from: R. Steenbakkers, J.C. Duppen, I. Fitton, K.E.I. Deurloo, L.J.
Zijp, E.F.I. Comans, A.L.J. Uitterhoeve, P.T.R. Rodrigus, G.W.P. Kramer, J.
Bussink, K. de Jager, J.S.A. Belderbos, P.J.C.M. Novak, M. van Herk, C.R.N.
Rasch. Reduction of obaserver variation using mateched CT-PET for lung cancer
delineation: a three-dimensional study. Int J Radiat Oncol Biol Phys 64, 435-448
(2006)



•More than ninety percent of all PET studies performed worldwide today use
[18F] fluorodeoxyglucose (FDG), because of its known uptake in viable cancer
cells and its availability without on-site cyclotron

•As a consequence, current applications of PET for radiation oncology
applications (in particular in less-developed countries) focus on FDG



•FDG is often used to better select patients undergoing radical radiotherapy by
up- or down-staging disease as well as to assist in the determination of the GTV,
including differentiation of viable from necrotic tissue



•This slide shows for 4 out of 10 patients having non-small-cell lung cancer
(NSCLC) the change in FDG uptake during and after radiotherapy
•Local failure in NSCLC appears most common at the primary site and within the
irradiated target volume with the highest FDG uptake. This observation may be
useful for further optimization of radiotherapy of NSCLC, for example, by the
application of additional radiation dose to sub-volumes of primary tumors with
higher FDG uptake.
•Figure taken from: S. Abramyuk, S. Tokalov, K. Zöphel, A. Koch, K. Szluha
Lazanyi, C. Gillham, T. Herrmann, N. Abolmaali. Is pre-therapeutical FDG-
PET/CT capable to detect high risk tumor subvolumes responsible for local failure
in non-small cell lung cancer? Radiother Oncol 91, 399-404 (2009).



•PET-CT simulation, in which the FDG exam is fully integrated into the treatment
planning process, is rapidly growing as a consequence of the increasing
availability of these scanners

•As this technology takes off, it will be essential that a set of common quality
control practices is adopted which includes scanner hardware QA tests to ensure
constant instrument performance, as well as a reproducible and well-defined
patient scan protocols that address questions such as scan time post tracer
injection, respiratory gating and standard reconstruction parameters



•The picture shows a SPECT-CT scanner with two options to perform a SPECT
scan

•Where SPECT gamma camera imaging is routinely employed for diagnostic
studies, its use for RT treatment planning is limited by inadequate spatial
resolution (around 12-15 mm)



•SPECT imaging of the lungs is able to identify areas with high and low perfusion



•The area in the upper part of the right lung shows a low perfusion

•Consequently that part of the lung does not need to be spared if it helps in
designing a treatment plan in which other parts of the lung that are still active
(yellow/green and red areas) can be spared



•In this slide the different options of the various imaging modalities used in
radiotherapy are summarised



•This slide illustrates that when using 4D CT it is possible to get a high quality
image of a moving target

•The statement of Battista is no longer valid; currently there exist several
irradiation techniques that can take intra-fraction movement of lung tumours into
account, using a treatment plan based on 4D CT



• In this study the inter-and intra-physician variation in target volume delineation
was studied based on 4D CT images of 10 patients analysed by 6 radiation
oncologists

• The automated 4D-CT propagation tool developed by these authors could
significantly decrease the GTV delineation time without significantly modifying
the inter- and intra-physician variability.

• Figure taken from: S. Gaede, J. Olsthoorn, A.V. Louie, D. Palma, E. Yu , B
Yaremko, B. Ahmad, J Chen, K. Bzdusek, G. Rodriguez. An evaluation of an
automated 4D-CT contour propagation tool to define an internal gross tumour
volume for lung cancer. Radiother Oncol 101, 322-328 (2011).



• Figure taken from: S. Gaede, J. Olsthoorn, A.V. Louie, D. Palma, E. Yu , B
Yaremko, B. Ahmad, J Chen, K. Bzdusek, G. Rodriguez. An evaluation of an
automated 4D-CT contour propagation tool to define an internal gross tumour
volume for lung cancer. Radiother Oncol 101, 322-328 (2011).



•As the frequency and variety of imaging increases, associated tasks such as the
registration and fusion of sequential and multimodality images is increasing

•Furthermore, the increased demand requires faster solutions to be developed

•Understanding the limitations of the data input, and limitations of the algorithms
used for registration is important to avoid geometric errors and therefore
dosimetric errors during treatment

•Ensuring that the input images are acquired in the treatment position using flat
couch inserts and the same immobilization devices for the different modalities is
of particular importance

•Careful patient alignment, including the use of lasers, will reduce the difficulty of
the registration problem




