Advances In radiotherapy
with external beam X-rays: from 3D to 4D
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Radiotherapy (RT) is the medical use of ionizing radiation, generally as part
of cancer treatment to control or kill malignant cells. About 50 to 60% of all
cancer patients in Europe receive RT either as curative therapy alone, or as an
adjunct to surgery and/or chemotherapy, or as palliative therapy.

he goal of radiotherapy is to deliver a higtherapy (3D-CRT) using external-beam X-ray RT, and its
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lung tissue (so-calledof tumour control decreases. is paper explains thés delivered to the patient by means of an electron linear
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process of RT, focusing on the current standard-tec@tcelerator, known as “linac”. Linacs deliver radiation

radiation therapy) ™ - i ) T _ i
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beams pass through the patient delivering the dose alaigp on the size and location of the tumour. Displacement
their path. e combination of various shaped beams obf tumour motion may vary signi cantly depending on
radiation concentrates the dose in the tumor while suthe direction of the patient (superior-inferior, lateral and
rounding healthy tissues receive the lowest possible daséerior-posterior) [1].
Treatment in RT involves multidisciplinary professionTo analyse respiratory motion, 4D CT imaging is used.
als such as radiation oncologists, medical physicists &CT images can only be obtained with new-generation
technicians, and requires their close collaboration to 8& scanners. ese machines have faster data acquisition
safe and e ective. e process for treatment generallgnd yield dynamic CT images of the thoracic region. 4D
covers the following steps (see gure 1): CT imaging collects time-varying scans of the lungs. e
rst step is to record the patient’s respiratory cycle. 4D CT
1. Dose prescription. e radiation oncologist prescribesimaging can only be used when patients have a regular
the total dose of treatment to the tumour and the dosed reproducible respiratory cycle. e breathing cycle
constraints to adjacent healthy organs, called organssativided into distinct phases, and data sets of CT im-
risk. e total treatment dose depends on the type ofges are acquired for each phase and in every position
tumour. It usually varies from 40 to 80 Gy and is admiof interest. A er the scan is taken, images are sorted and
istered in several fractions, usually from 1.8 to 2 Gy perrelated based on the corresponding breathing phase
session. e number of sessions ranges from 20 to 4€lgnals. us, many 3D CT sets are obtained, each cor
depending on the planned total dose. Overall treatmamsponding to a speci ¢ breathing phase. Together, they
time is approximately 4 to 8 weeks. constitute a 4D CT series of images that covers the whole
breathing cycle. e radiation oncologist may choose to
2. Treatment planning. Treatment planning is currentlywork on the images of a single phase or the images of the
based on 3D images taken using X-ray computed tomaghole cycle. is 4D CT process allows the radiation on
raphy (CT). To obtain these images, patients are placedatogist to better delineate the target volume and reduce
the same position in which they will be treated daily the volume of normal tissue to be irradiated.
the linac, and the same immobilization devices are usBdcause 4D CT provides detailed visualization of the lung
CT images have a high contrast resolution to discriminateovements it implies considerable progress in treating
between values of tissue densities that di er up to 0.19mors of the chest and upper abdomen.
and a high spatial resolution (on the order of 1-2 mm).
ey make possible to determine (‘delineate’) the volume3. Dose calculation. e dose contribution from each
to be irradiated and the organs at risk. When supplemdream is calculated by a treatment-planning system using
tary information is needed in regions of the body such@3 images of the patient and a mathematical model of
lung, head and neck, images are taken by magnetic rémov the linac will deliver doses in di erent tissues. e
nance (MR) or positron emission tomography (PET) arghape of each beam is controlled by collimators or multi-
combined with these CT images. PET has a high conttesf collimators (MLC). Multi-leaf collimators consist of
resolution, but its anatomic resolution is limited. Usingvo sets of individual "leaves"” (from 20 to 160 leaves per
images of both PET and MR we can distinguish the messt) that can move independently in and out of the patl¥IG. 1: External
resistant areas in a tumour and treat these with highafra beam to block it. One or several beams can be u%@ﬁgfi%mg'apy
doses. In general, PET and CT are used for planninglepending on the disease and the patient’s needs. process
lung and head and neck cancers, while MR and CT are
used in tumours such as those in the brain or prostat
By better de ning the target volume with data acquire
from PET or MR we can deliver a larger dose to the
tient and reduce damage to surrounding healthy tisst

4D CT imaging
Respiratory motion is one of the major challenges in |
in thoracic and abdominal cancers. Movement of the
mor can lead to uncertainty in delineating the volun
to be irradiated and therefore a ect the treatment do
delivery. Conventional RT does not take this respiratg
motion into account when planning the target volume. T
compensate for this, a uniform margin is added to the {
mour volume. Tumour motion is anisotropic and it varie
from patient to patient. e magnitude of the movement
depends not only on each patient's respiratory cycle
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Some treatments need radiation elds that have nor-urdomplex. To deal with these challenging treatment sce
form spatial intensity distributions. To obtain the desiredarios, linac manufacturers have introduced image-guid
dose distribution in the tumour target volume we neegd radiotherapy 3D and developed and integrated X-ray
to combine several beams with a non-uniform dose goaging systems (see gure 3) to improve and facilitate
as to spare nearby critical structures. is procedure i8D visualization of the patient’s internal anatomy. is
called intensity-modulated radiotherapy (IMRT). IMRTenables e cient positioning of these anatomical struc
is an advanced step of 3D CRT. IMRT uses multi-leafes in relation to the linac. Most of these systems use
collimators that can move dynamically during the treaCT-based technology.
ment session when the beam is on, or between exposiéth these technological improvements, a new RT pro
e process of dose calculation is the responsibility ofedure has emerged, called stereotactic body radiation
the medical physicist. e radiation oncologists analys¢herapy. It is highly e ective for small lesions (<6 cm) in
the treatment plan and if they agree with this, it is athte abdominopelvic and thoracic region. e main fea
proved and forwarded to the treatment unit for deliveriure separating stereotactic body radiation therapy from
(see gure 2). standard 3D RT or IMRT treatment is that large doses
FIG. 2: A snapshot (6 — 30 Gy) are delivered in a few fractions (1 — 5) over a
of the multi-leaf 4 Treatment delivery. e dose is delivered in a linac, aselatively short time (2 weeks), resulting in a high bielogi
collimators (MLC . . . . L . L
during a head andnentioned above. Linacs can be designed to produce iwal e ective dose. To minimize normal tissue toxicity, it
neck treatment hoenergetic photons with xed energy (usually 6 MV)s essential to con ne these high doses to the target and
~ using dynamicor multi-energetic photons (6 to 15 MV) and electrons @hieve rapid fall-o of the doses away from the target.
'mfandsi%goa%lygedto 20 MeV). Itis important that the radiation is delivere@o-called ‘Stereotactic body radiation therapy’ integrates
main collimator id0 the correct anatomic site. To verify the patient setupsimulation, treatment planning and dose administration
shown as a yelloghe treatment position, traditional Ims have now beeand requires a high level of con dence in the accuracy [2].
yeﬁi&ﬁ%lsgo replaced by electronic portal imaging devices attachedoe to the rapid adoption of stereotactic body radiation
the start and nalthe gantry of the linac and aligned with the beam.  therapy and other modalities of IMRT, speci c linacs have
positions of the ML@D CRT, intensity-modulated radiotherapy (IMRT) andbeen developed, with single photon energy of 6 MV. ese
Th:n%“s‘i;r:‘t‘;i eSQS\s%ther recently developed techniques have reduced tisv linacs incorporate di erent systems of image-guided
position of the ML@lignment error tolerance for targets that move and d&D depending on the manufacturer. ey may be based on

(Image from H$CSform during treatment. However, these techniques a@, dual radiographic x-ray imaging, and/or uoroscopy.
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4D Treatment delivery
4D treatment delivery is analogous to 4D CT imaging djs
cussed earlier. It means that respiratory motion is taken
into account during RT treatment. e recommendations
to apply 4D in the treatment of patients with thoracic,
abdominal, and pelvic tumours a ected by respiratory
motion can be summarized if either of the following comn-
ditions are met [3]: when a range of motion greater than
5 mm is observed in any direction; or when signi cant
normal tissue sparing can be gained through the use of
a respiration management technique.
ere are several methods to reduce the impact of respir
tory motion in RT, but one of the most widely accepted
modes by the radiation oncologists is real-time tumoyr
tracking. Under ideal conditions, tracking can eliminat
the need for a tumour-motion margin in the dose dis
tribution, while maintaining a 100% duty cycle for dose
delivery. For this tracking to be successful, four critefia
must be met:
1. the tumour position must be identi ed in real time;
2. tumour motion must be anticipated to allow fo
time delays in the response of the beam-positioning
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system;
3. the beam must be repositioned,; the explicit inclusion of the temporal changes in anatomyIG. 3: Linac with
4. dosimetry must be adapted to allow changes in ludgring the imaging, planning, and delivery of radiotheftegrated X-ray

volume and the location of critical organs at risk duapy [4]. Adaptive radiotherapy 4D allows the radiatioﬁsséggffoy;ﬁgzsp

ing the breathing cycle. oncologist to modify treatment in cases of weight loss,
Only a few brands of linacs currently o er trackingumour shrinkage or growth, or volumetric or dosimetric
Research is ongoing in the eld to improve or incerpachanges in the tumour. e tools and methods to perform
rate "tracking" in the linacs, adjusting the dynamic moveuch modi cations are under continuous development
ments of collimators or multi-leaf collimators. and present results strongly suggest that ART will replace
As management of respiratory motion requires the use3i® CRT in the near futura.
highly specialized technology it is recommended that a
quali ed medical physicist be present throughout the ed\bout the Author
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As advances in RT allow a higher dose of RT to the tu

mour and lower dose to organs at risk, correct patient

alignment and knowledge of changing internal anatongg{sI{s1(IA[#=
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