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1. Preface 

 

Radiotherapy for cancer patients has a history of decades. Initially, orthovoltage and X-ray 

devices were used in teletherapy. Cobalt irradiation devices using the 60-Co isotope as 

radiation sources in radiotherapy treatment facilities in the early seventies and early nineties 

were a major step forward, making it possible to achieve the desired therapy. In the eighties 

and nineties, linear accelerators were purchased in many places that can artificially produce 

high-energy photon and electron beams without a radioactive source. Thanks to advances in 

computer technology, large numbers of irradiation planning software solutions became 

operational in the last decade of the last century, but especially after the turn of the 

millennium, opening the way for the routine three-dimensional, conformal radiation therapy 

design and implementation. After 2010 the use of so-called intensity modulated radiotherapy 

and volumetric modulated arc therapy widespread as well (IMRT, VMAT). The need for 

comparability of treatment results and the increasing complexity of the technology made it 

necessary to develop guiding protocols at international level. Increasingly accurate treatments 

required more accurate, standardized target volume determination, dose prescription, dose 

calculation and dose measurement. The rapid development of image-guided radiotherapy 

(IGRT) in recent years has made it possible to further improve accuracy. In this note, we 

summarize the theoretical background, the possibilities, and the tools for implementing this 

technique. 
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2. Irradiation techniques 

 

2.1. 1D irradiation 

One-dimensional irradiation planning in the current sense cannot be considered as a true 

planning procedure, but rather a dose calculation. This procedure is usually used for simple 

but quick radiotherapy (skin diseases, joint degenerative diseases, urgent palliative bone 

radiation, etc.). 

As a first step, the treating physician will designate the dose point, which is located in the 

patient, most often in the geometric centre of the treatment area. Its position and depth from 

the skin surface (d, treatment depth) are determined by simple orthogonal X-rays or possibly 

by CT imaging. This is followed by the determination of the required field size (X and Y, 

length and width), which is also possible on the basis of the mentioned imaging tools. Finally, 

the required fraction dose (D) is defined. 

Patient positioning can be isocentric or fixed source-surface distance (fixed SSD). This is also 

decided by the treating physician because the field size and treatment depth will be described 

as a function of the positioning method selected. In the isocentric setting, the isocentre of the 

irradiated image is at the point of dose specification, whereby the source surface distance is 

the difference between the source axis distance (SAD) and the dose prescription depth (d). 

SAD is a geometric feature of the machine, a given constant value, typically 100 cm for 

medical linear accelerators. 

 

In a fixed SSD setting, the isocentre is placed at the entry point of the main beam to the skin 

surface. Consequently, the SSD is then the same as the SAD. 

There is a possibility of so-called mixed mode setting, when positioning a patient according to 

a given SSD value, so that the isocentre may not be at the dose prescription point. These  

setup modes are shown below. 
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Figure 1. 

a) geometry of irradiation b) isocentric sep-up; 

c) fix SSD setu-up; d) mixed mode set-up 

 

Using the data above (SSD, d, X, Y, D) the required irradiation time can be calculated from 

the dataset model of the irradiating machine, taken during the so-called commissioning 

measurements. 

The advantage of the method is that it requires a fast and small resource, as it does not 

necessarily require complicated imaging, contouring, irradiation planning, QA measurements. 

However, the disadvantage is that the delivered dose is known only at the dose prescription 

point. The dose to the surrounding tissues can only be estimated, and there is virtually no 

reliable information on the volume dose. Therefore, 1D dose calculation is used only where 

the irradiation area is well defined and the surrounding organs-at-risk and tissues are surely 

avoided. 

 

2.2. 2D irradiation 

2D radiation only has historical importance today and will not be discussed in detail. In 

essence, even with small computer capacities, it was possible to accurately calculate and 

display the dose distribution during irradiation on some axial CT slices. Typically, this 

method was widespread in the '90s, when computers were several orders of magnitude slower 

than today's devices. In the clinical routine, it would have been unacceptably long (up to days) 

to calculate the dose distribution on each axial slice of the patient, so the number of slices 

taken into consideration was limited to 3-5. 
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The advantage of the method is that it gives a much more accurate view of the dose 

distribution in the irradiated volume, although the total relative doses of each organ could still 

only be estimated. 

A further disadvantage was the need to manual digitalization of CT slices from film according 

to the era, as well as the need for contouring and computing, which required significant 

additional resources and time. 

With the advancement of computing technology and the rapid increase in computing speed, 

the 2D planning method has disappeared from the clinical routine and has been replaced by 

3D radiation planning. 

 

2.3. 3D irradiation 

3D irradiation technology and irradiation design is always a multi-step, complex, resource-

intensive and time-consuming process. Depending on the irradiated volume, CT scans or 

other imaging modalities should be performed to map the patient's anatomy. Images are 

captured and stored digitally in a computer database. The target volume and the organ-at-risk 

must be defined during the contouring process. The delivery of the prescribed dose to the 

target volume with the expected homogeneity, with maximum protection of the risk organs, 

can be achieved by a complex computational algorithm on a spatial computer model of all 

available axial slices, including particle transport. A major advantage of total spatial dose 

calculation is that the dose delivered to each image voxel is known, so that an accurate dose 

value is available at each point in the organs-at-risk and in the target volume, from which 

summary and statistical volume distribution can be calculated and analyzed. 

The oldest, but still clinically valid type of 3D irradiation is the conformal method. The 

direction, weight, size, shape, and possible beam modifiers of the radiation fields used in the 

irradiation are set by the planning physicist on the basis of the patient's spatial digital 

reconstruction. This is followed by a dose calculation, then an evaluation of the dosimetric 

characteristics of the plan and, if necessary, modification or refinement of the plan. This is the 

so-called forward planning process. 

The most modern and most complex irradiation technique is Intensity Modulated Radiation 

Therapy (IMRT). Planning is done by the "inverse" method: the defined dose criteria are 

loaded into an optimization module, then the planning system uses the optimization algorithm 

to generate the required fields and the modulation scheme of the beam intensity of each field. 

This is followed by dose calculation and evaluation. If modifications are required, the input 
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parameters might be changed. Due to their complexity, fields or modulation schemes should 

not be changed manually, and in some cases it is even not possible. 

In the historical development of technology, one of these techniques was the emergence of 

stationary IMRT techniques. The beam modulating multileaf collimator (MLC) is located in 

the head of the irradiation machine. The MLC is an electronically movable collimator system 

consisting of radiation-absorbing leafs. 

 
Figure 2: multi-leaf collimator1 

Intensity modulation can be created by a static (step-and-shoot) or a dynamic (sliding 

window) procedure (respective to their chronological appearance). In the former case, smaller 

subfields are directed to each part of the field, from which an additional dose can be 

delivered. During the MLC re-alignment between the individual subfields, the radiation beam 

is interrupted, so the irradiation occurs step-by-step. Thus, the dose is delivered at different 

intensities in each part of the field. In the second case, the leafs of the MLC are in constant 

motion during the course of the beam. The width, the opening and closing velocity of the 

current thin window left open by the opposing leaf pairs can be influenced by varying the 

velocity of the leafs. The field consists of sliding window next to each other. 

The most up-to-date and widespread method of intensity modulated radiation therapy is 

rotational intensity modulation, also known as volume modulated arc therapy (VMAT). 

Although a separate name, logically all VMAT treatments are actually IMRT treatments. For 

historical reasons, however, IMRT refers to stationary field techniques, and VMAT (IMAT, 

RapidArc) to rotational field techniques. During VMAT treatment, the irradiation machine 

rotates continuously around the patient, with continuous radiation and complex, pre-planned 

MLC movement. The angular speed of rotation and the dose rate of the beam are not constant 

during delivery, but varies in the manner specified by the planning system. 
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2.4. Classification of irradiation techniques 

The diagram below shows the relationship and classification of the above-mentioned 

irradiation techniques. 

 
Figure 3: classification of irradiation techniques 

 

 

As sophisticated irradiation techniques have evolved and became part of the daily clinical 

routine in recent decades, the accuracy of patient positioning has become increasingly 

important. While in the '60s and '70s the centimeter accuracy setting was satisfactory, 

nowadays 2-3 mm accuracy is already a general requirement, in some cases even the need for 

submillimeter positioning appears. This challenge led to the emergence of image guided 

radiotherapy techniques and the necessity of developing appropriate imaging technologies. 

 

Irradiation techniques 

1D  2D  3D  

conformal intensity modulated 

static beam 
(IMRT) 

rotational  arc irradiation 
(VMAT/IMAT) 

static 
(step-and-shoot) 

dynamic 
(sliding window) 
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3. Determination of target volume 

 

An important step in advanced 3D-CRT, IMRT, or VMAT radiation therapy for cancer 

patients is the accurate determination of the shape and extent of the target volume. The ICRU 

50 and 62 international protocols record the nomenclature of the target volume.2 

The use of sectional imaging procedures is essential for the designation of organs and areas to 

be protected, and for dose calculation during radiation planning. This mainly involves CT and 

MRI, less frequently PET-CT, SPECT-CT imaging. CT imaging is also essential for 

performing the dose calculation. This is because CT imaging and therapeutic irradiation have 

the same physical interaction (Compton scattering), so CT imaging contains the electron 

density map of the tissues that can be used to calculate the distribution of energy absorbed 

from radiation, ie. the dose distribution. The images are processed by computer contouring 

and irradiation design programs. On each slice, the organs-at-risk and the target area must be 

drawn. In this way, a unique three-dimensional computer reconstruction of the patient can be 

made. 

 

 
Figure 4: 3D reconstruction3 

 

The target volume is determined in several steps. First, the macroscopic tumor on each axial 

view should be drawn, this is the GTV. Depending on the histological type and nature of the 

tumor, GTV should be extended taking into account known environmental microscopic 

infiltration not seen in the images, and the locoregional lymph nodes involved. The volume 
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thus determined is called CTV, which includes all areas to be covered by the therapeutic dose. 

However, the CTV is not stable in the body and may move due to internal organ movements. 

Considering the possible motions, a motion safety margin should be determined and drawn 

around the CTV to form the ITV. ITV is already stable within the patient’s body, but the 

manual re-positioning of the patient during day-by-day treatment schedule is only possible 

with certain errors. Therefore, the daily setup error should be taken into account with a safety 

margin drawn around the ITV to form the final planning volume, i.e. the PTV. Only the full 

therapeutic dose of PTV provides the treatment of the real tumorous region: the CTV. 

 

GTV

CTV

ITV

PTV

GTV

CTV

ITV

PTV

GTV

CTV

ITV

PTV

GTV

CTV

ITV

PTV

 
Figure 5: target volumes3 

 

It can be seen that due to the applied safety margins, many normal tissues have to be 

irradiated, which increases the risk of unwanted side effects. Therefore, efforts should be 

made to use the smallest possible safety margins. 
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4. Definition of safety margins 

 

4.1. The motion safety margin (CTV → ITV) 

The nature and extent of the internal organ movement that causes the CTV to change position 

must be taken into account when determining the motion safety margin. 

Movement of CTV can be cyclical and random. For example, a pulmonary tumour moves 

cyclically when breathing. For example, a prostate tumour may move randomly due to 

saturation and movement of the bladder and the rectum. 

Different degrees of displacement can be expected in different directions. A mediastinal 

tumour moves more posteroanteriorly, whereas a lower-lobe tumour moves more 

caudocranially with breathing. 

The extent of movement depends greatly on the location of the CTV within the body. With a 

cranial lesion, there is virtually no movement, while a lung, liver or kidney tumour can move 

at several centimetres in amplitude. 

Clinical research on the extent of movement can be found in many places in the 

literature.4,5,6,7,8,9,10  

 

4.2. The setup safety margin (ITV → PTV) 

The patient should be positioned on the treatment table every day during treatment in the 

position in which he or she was lying during CT scan for target volume determination and 

radiation planning. In practice, positioning reproducibility is facilitated by tailor-made patient 

positioning devices (headrests, armrests, foot, knee and arm restraints, customized 

thermoplastic masks, vacuum matrasses, etc.), but a few millimetres setup error appear in 

almost every positioning case. 

The average of the daily set-up errors are called systematic error and is denoted by Σ. Ideally, 

the systematic error is zero. In practice, this is usually not the case. The average deviation of 

the daily adjustment errors from Σ is called a random error and is denoted by σ. 
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Figure 6: systematic and random error3 

 

The applicable set-up margin should be determined as the weighted sum of systematic and 

random errors, taking into account the relevant Σ and σ values for the treatment of the 

individual patient.11 The magnitude of Σ and σ depends on the device used to facilitate the 

placement, the positioning technique, the treatment region and the geometry of the patient. If 

Σ and σ are values for a disease type, treatment methodology, layout, device used, etc. already 

known in a particular therapeutic center, the following formula can be used generally, with 

sufficient accuracy, where M is the measure of the applicable safety margin to ensure that at 

least 90% of patients receive a minimum dose of 95% of the prescription dose:12 

7.05.2 M  

Thus, the setup margin is affected by a systematic error 3.6 times more than a random error. 

Therefore, the main priority should be to reduce this one. There are several remediation 

strategies that fall into two main groups. 
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5. IGRT protocols 

 

5.1. The on-line IGRT 

The first group is the so-called on-line correction strategy, which involves determining the 

amount of misalignment before each treatment day and adjusting the patient's position by 

moving the table top. Thus, in addition to eliminating a systematic error, a random error can 

also be corrected. The degree of motion safety margin to be applied depends only on the 

accuracy of the device used to determine the positioning error. With today's technical 

capabilities, the resulting inaccuracy is one order of magnitude smaller than the corrected 

error itself. 

The disadvantage of this procedure is that the patient receives dose exposure during imaging 

in addition to the therapeutic dose every day. Although this is two orders of magnitude less 

than the fractional dose obtained during treatment, it must be kept in mind. 

 

5.2. Off-line IGRT 

The second group consists of off-line correction strategies. Their advantage is that they 

require less time and workload compared to the online protocol, but do not allow the 

correction of random errors. The reason for this is that off-line protocols do not necessarily 

have to be captured every day of treatment, which requires less work, but loses the ability to 

collect information on a daily basis. Off-line protocols are also well suited for reducing 

systematic setup error. Various off-line correction strategies are described in several places in 

the literature. 13,14,15,16 

 

5.2.1. NAL protocol 

One of the off-line strategies is the Non-Action Level (NAL) protocol. The patient's position 

is recorded on the first three days of treatment, but the position is not corrected on these days. 

At the end of the third day, the recordings are analysed and the average adjustment error is 

calculated from the records. This mean value is used for subsequent treatment days as the 

required correction shift. No further images will be captured during treatment. 

The advantage of this method is that it requires little imaging time and the images are 

analyzed afterwards the treatment, so that the total daily treatment time is not increased. 

The disadvantage is that the systematic error is determined from a limited number of 

measurements and there is no post verification of its correctness, so this error type is only 

partially corrected. In order to reduce the risks of this feature, it is customary to take a weekly 
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check, and if you experience a setup error greater than the specified tolerance, restart the 

three-day recording cycle and calculate a new average. A further disadvantage of the method 

is that it cannot reduce the random error at all. 

The flowchart of the NAL protocol is as follows: 

 

 
Figure 7: NAL protocol 

 

5.2.2. SAL protocol 

Another off-line strategy is the Shrinking Action Level (SAL) protocol. In essence, a picture 

if taken on the treatment day and then compared the ratio of a predetermined limit of α 

divided by the square root of the treatment day (ni) resulting the daily error found on the 

recording ( ). If the quotient remains below the intervention level, the next day we will 

record again and repeat the calculation and comparison, but this time the treatment number is 

increased by one. Thus, as treatment days progress, an increasingly stringent intervention 

level is applied. If the calculated daily error is greater than the intervention level for that day,  

the patient's position is adjusted and the treatment day indicator is reset. If adjust had not been 

needed any time until the predetermined nmax record number (treatment day) was reached, the 
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record sequence is interrupted and no recordings are made for the remainder of the treatment. 

The flowchart for the SAL protocol is as follows: 

 
Figure 8: SAL protocol 

 

By choosing α and nmax it is possible to influence the extent of systematic error reduction and 

the amount of work required. 

The advantage of this method is that it eliminates the premature adjustment error correction, 

which would be based on the first few measurements when the errors are still largely due to 

random errors rather than systematic errors. 

The disadvantage is that its efficiency is limited, because when the recording cycle is 

restarted, information from previous recordings is lost. 

 

The setup margin can be reduced by applying on-line or off-line adjustment strategies. The 

practical application of these techniques requires the use of imaging technology and 

equipment. 
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6. Organ motion monitoring 

 

We've covered the setup margin above, but it's also an important issue to reduce the motion 

safety margin. The latter is made possible by treatment management based on monitoring and 

tracking of organ movement.  

 

6.1. Respiratory gating 

Gating is used when the tumor to be irradiated moves at a rate consistent with some periodic 

repetitive internal organ movement. The most typical examples are small solitary tumor 

nodules located in the lower and outer peripheral areas of the lungs and in the liver or 

pancreas. These are usually not primary tumors but metastases and are treated in fractions 5-7 

with a dose of 7-12 Gy. If such a target are having a motion of up to 2-3 cm in diameter and 

with an amplitude of 1.5-2 cm were continuously radiated during motion, the size of the 

motion safety margin to be selected would be commensurate with the diameter of the target 

point. At this time, we would radiate 2-3 times the volume required, half and two-thirds of 

which is actually normal tissue. 

To avoid this, the tumor is irradiated at a selected position only during a specific phase of the 

motile airway. This is done by monitoring free breathing and gating on the basis of the 

breathing curve. That is, the beam is only turned on when the tumor is in the correct position. 

By observing the rise and fall of an object reflected in the infrared range on the chest of a 

lying patient, it is possible to record a breathing curve using an infrared camera. The camera 

and its software are connected to the irradiation device. In this way, it is possible to control 

the irradiation, interrupt the radiation beam, and gate, based on the signals coming from the 

infrared camera, that is, the movement of the patient's chest. The figure below shows such an 

infrared camera system. 
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Figure 9: respiratory gating infrared camera system17 

 

A 4D CT scan is needed to assess tumor movement as early as radiation planning. This is a set 

of 10 CT scans that can be played back in motion. This is used to determine the target 

amplitude of deflection and the respiratory phase (or phases) in which the irradiation will be 

performed. By connecting the above-mentioned infrared camera system to the CT device, the 

breathing phase can be assigned to each other at the moment. 

In total, therefore, multiple sequential CT scans are performed to monitor the patient's 

respiratory rate to determine the irradiation phase. CT scans at the selected phase are used for 

the treatment planning. Breathing is again monitored during the treatment and the beam is 

gated to the prescribed phase. This reduces the required motion safety margin and saves a 

considerable volume of normal tissue. 

 

6.2. Marker tracking 

The purpose of the Marker tracking procedure is similar to that of the respiratory gating, 

which is to reduce the motion safety margin caused by CTV displacement by internal organ 

movements. It has a periodic, predictable pattern of respiration, and non-invasive 

modifications can be observed with great precision. However, there are organ-induced 

motions that of occurrence times and the extent of evasion are random. The most common 
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example is the prostate, a target area of up to 1.5 to 2 cm, due to a sudden change in rectum 

filling. 

Movement of the prostate is not visible outside the patient's body. Therefore, permanent metal 

markers are implanted in the prostate prior to the planning CT scan. Minimum 3, gold or 

other, biologically non-active metal are used as in other fields of medicine. They are not 

larger than one grain of wheat. 

During the irradiation, the position of the markers is monitored by continuous low energy X-

rays independent of the therapeutic beam. Using a computer, continuous comparisons are 

made: the reference position calculated from the planning CT scan and the current marker 

positions are compared. If the markers (and the prostate that carries them) move out, the 

radiation will stop immediately. At this point, the patient is repositioned, the distended 

prostate is returned to the desired position. Radiation and observation then can be continued. 

The X-ray image of the implanted markers in the prostate is shown below. 

 

 
Figure 10: fiducial markers in the prostate18 

 

There is also a technology in which tiny radio frequency transmitters (RFIDs) are implanted 

into the prostate, not metal markers. Their movement can be tracked with a radio transceiver 

placed over the patient's skin, eliminating the need for low-energy X-ray imaging and the 

accompanying dose. 
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6.3. Sufrace matching 

The surface matching method can be used when the target volume and the patient's external 

skin surface cannot move due to anatomical fixation. A good example is a tumor in the cranial 

space that does not move relative to the face and scalp. 

Planning CT images determine where the patient's external skin contour is positioned and at 

what angle to the isocentre of the irradiation device it is laying to. This is the reference 

situation. During treatment, the patient's true external contour is monitored by a dual camera 

system. Based on the visual information from the two viewpoints, the spatial position of the 

skin surface shell can be computer-mapped. In this way, a surface-to-surface reconstruction 

can be made, which is compared with the reference situation. When the displacement exceeds 

the predetermined tolerable level during treatment, the irradiation may be interrupted and the 

patient may be repositioned if necessary. The system is shown in the figure below. 

 

 
Figure 11: surface matching system19 
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7. Technology for image-guided radiation therapy 

 

Imaging-guided radiation therapy (IGRT) is a method of correcting a patient's position and / 

or regulating the course of radiation therapy using an imaging modality. 

 

7.1. Traditioan X-ray image 

The simplest forms of IGRT date back to the 1970s and 1980s. The patient's position with 

respect to the beam was then checked with a traditional X-ray film. 20,21,22,23  

 

 
Figure 12: position verification with X-ray film3 

 

It was possible to determine which anatomical structures were in the path of the beam, and if 

necessary, position correction could be performed manually. The advantage of this technique 

is that high-quality, high-resolution images can be taken in the X-ray and orthovolt energy 

ranges. The disadvantage, however, is that it takes several minutes to develop the film, which 

is time consuming, requires new film for each recording, and therefore expensive, and 

difficult to evaluate in the megawatt energy range due to manual correction. 

 

7.2. EPID 

In the 1990s, with the advent of linear accelerators, scintillation detector portal image 

acquisition (EPID) devices appeared. 24,25,26  
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High-energy X-rays produce light flashes on a scintillation plate mounted perpendicular to the 

direction of the radiation field, the intensity of which is proportional to the intensity of the X-

rays they cause. A reflection mirror projects flashes of light into an optical camera, which 

transmits the analog image signal thus produced to the processing computer. This is where the 

image is digitized and its quality enhanced by software. It has the advantage that in this 

enhanced image the bony structures can be identified in an acceptable manner. It is also 

possible to determine the position of the soft tissues if a permanent marker marker is to be 

applied in advance (eg in case of prostate cancer).27 The positioning error is determined by 

reference software (DRR) using computer software, therefore accuracy is higher than film 

technology, by a few millimeters. A further advantage is that it is possible to take a series of 

images during irradiation since the image is taken with the therapeutic beam. The 

disadvantage is that, despite its digitalization, its accuracy is limited by its analogue nature. 

The recording devices (scintillation plate, camera) become obsolete with regular use, so 

regular calibration or replacement is required. 

In the early 2000s, with the advancement of semiconductor technology, semiconductor 

detector EPID devices appeared with the same field of use as their predecessor scintillation 

detector EPID. The semiconductor detector panel is mounted directly below the scintillation 

plate so that the image is digitized locally, so that the optical and electronic noise generated 

by the mirror and the camera does not degrade the image quality. However, digital image 

enhancement is still happening here. You get a high quality, sharp image. It is also possible to 

record a series of images. Positioning accuracy is better than the previous one, but still in the 

millimetre range. The position of the soft tissues can still be determined only with marker 

markers. The control electronics of the detector panel are very sensitive. If exposed to high-

energy radiation, it can be easily damaged, so use of the device requires great care or software 

protection, which prevents the radiation from being triggered when the beam falls on the 

control electronics. 
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 a) b) 

Figure 13: a) scintillation EPID; b) semicontuctor EPID3 

 

7.3. Ultrasound 

The need for soft tissue positioning necessitated the development of a device capable of 

performing this task without the use of a marker. Ultrasonic BAT system allows to determine 

target volume displacement due to internal organ movement without using ionizing radiation. 

 

 
Figure 14: positioning with B-mode ultrasound3 

 

The disadvantage is that for proper image quality the transducer needs to be clamped to the 

patient, and the resulting pressure itself can cause organ movement. Therefore, in order to 

avoid misidentification, the recruiter should have extensive experience. This technology is 

available but is not widespread. 
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7.4. X-ray image pair 

The use of kilovolt imaging devices in radiotherapy also made it possible to display soft tissue 

better. An orthogonal verification system independent of the moving elements of the linear 

accelerator enables the position of the patient to be corrected to a few tens of millimetres. 

Imaging is done with two or four X-ray sources mounted on the floor or ceiling, and with 

digital detector panels facing them. 

 

 
Figure 15: orthogonal X-ray verification3 

 

Such a system is used primarily in stereotactic radiation therapy and radiosurgery, where 

small target volume size and proximity of organs to be protected require submillimetre 

precision. 28,29,30,31 

 

7.5. CT 

With the tools described so far, two-dimensional or quasi-three-dimensional (two-dimensional 

processing of two 2D images) imaging can be performed, and based on the information 

obtained, three or six degrees of freedom (three translations + three rotations) allow patient 

position correction. Real three-dimensional volumetric imaging can be achieved by using 

computer tomography (CT) devices within the irradiation bunker with a linear accelerator in a 

coordinate system. There are three different technological implementations. 
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7.5.1. CT-on-rail 

If the irradiation bunker can be used for diagnostic purposes, with a conventional CT device 

that can move on rails, is called CT-on-rail technology. 32 Patient treatment couch rotates 180° 

with linear accelerator on one end and CT-on-rail on the other. During imaging, the CT unit 

performs linear movement on the rails in a straight line, while the desk table is motionless. 

The method is very space-consuming and its accuracy is limited by the uncertainty of stability 

of the rotational axis of the control table. The advantage is that the diagnostic CT can work 

with very good imaging quality. However, due to its disadvantages, the method is less 

widespread. 

 

7.5.2. Conebeam CT 

Commonly used devices are megavolt (MV) and kilovolt (kV) Cone-beam CT (CBCT). In 

both cases, a CT scan is made by rotating the linear accelerator completely or partially once. 

In MV case, high energy therapeutic beam and semiconductor detector EPID device are used 

for imaging.33,34,35 For kV CBCTs currently in clinical use, an imaging field perpendicular to 

the main axis of the therapeutic beam is used.36,37,38 

 

 
a) 
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 b) c) 

Figure 16: a) CT-on-rail; b) MV and c) kV ConeBeam CT3 
 

The advantage of the MV method is that only one image processing software is required along 

with the EPID, while in the kV case, one X-ray source and another semiconductor detector 

capture panel. In MV, the identity of the therapeutic and imaging radiation fields can increase 

accuracy, but the MV beam allows for lower quality soft tissue imaging than kV, where the 

difference between the centers of rotation of the two radiation fields can cause positioning 

errors.39 Metal implants in the patient's body produce imaging artifacts in the kV case, which 

is not significant in MV. The concomitant dose is higher  with MV imaging than with kV. It 

can be seen that both systems have advantages and disadvantages.40 In practice, however, the 

kV system is more widespread. There may also be a combination of the two systems.41 

It is also possible to combine CBCT with respiratory gating. This is used when the target 

volume performs periodic movement as a result of breathing. Treatment is based on a 4D CT 

irradiation plan, so positioning must also be 4D CBCT based. The correct position is 

determined in the selected breathing phase. Reference 4D CT and 4D CBCT are compared in 

this phase. 

A literature report is available on the results of comparing the accuracy of the kV CBCT with 

the orthogonal X-ray verification device. It has been established that the latter, if used with 

due caution, may constitute an alternative to the former.42 

Imaging-guided radiotherapy devices are not only capable of measuring and correcting patient 

positioning errors. Some of these can be used successfully to monitor internal organ motion 

and thereby control therapeutic radiation.43,44 A detailed description of these systems is given 

in chapter 6 
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8. Remarks 

 

The need for image-guided radiotherapy and the need to monitor and correct patient position 

is an integral part of quality radiotherapy. In recent decades, as technology has advanced, 

more and more accurate and efficient methods have emerged. The increase in the performance 

of computers over the last ten years has brought about an explosive development, and imaging 

is no longer just a control function, but in many cases an indispensable security procedure. 

The widespread use of image-guided radiotherapy techniques reduces the setting and a 

movement safety margin used in target volume determination and reduces the dose burden on 

organs-at-risk. Ultimately, it can improve treatment efficiency and reduce the likelihood of 

unwanted side effects. All these may serve as a basis for the development of new radiotherapy 

methods and alternative dosage regimens. Nowadays, a modern radiotherapy centre cannot 

afford to work without image-guided radiotherapy. 
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