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Over the past decades, radiation therapy combined with imaging modalities that ensure optimal 
image guidance has revolutionized cancer treatment. The two major purposes of using imaging 
modalities in radiotherapy are to clearly delineate the target prior to treatment and set up the 
patient during radiation delivery. Image guidance secures target position prior to and during the 
treatment. High quality images provide an accurate definition of the treatment target and the 
possibility to reduce the treatment margin of the target volume, further lowering radiation toxicity 
and improving the quality of life of cancer patients. In this review, the various types of image 
guidance modalities used in radiation therapy are distinguished into ionized (kilovoltage and 
megavoltage image) and nonionized imaging (magnetic resonance image, ultrasound, surface 
imaging, and radiofrequency). The functional aspects, advantages, and limitation of imaging using 
these modalities are described as a subsection of each category. This review only focuses on the 
technological viewpoint of these modalities and any clinical aspects are omitted. Image guidance is 
essential, and its importance is rapidly increasing in modern radiotherapy. The most important 
aspect of using image guidance in clinical settings is to monitor the performance of image quality, 
which must be checked during the periodic quality assurance process.
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Introduction

Over the past decades, radiation therapy combined with 

imaging modalities that ensure optimal image guidance has 

revolutionized cancer treatment. Electron or high energy 

photon beam therapy, and more recently particle beam 

therapies, such as proton and carbon ion radiotherapy, 

have been rapidly commercialized on a worldwide scale. 

Pertaining to radiotherapy technology, two-dimensional 

(2D) radiotherapy has already gone to history and 3D 

conformal radiotherapy are almost obsolete, while both 

intensity modulated radiotherapy (IMRT) and volumet-

ric modulated arc therapy (VMAT) have now become the 

mainstream methods used to treat cancer and noncancer-

ous tumors. These technological advancements are backed 

by the confidence to provide accurate target positioning, 

which is achieved by the development of efficient image 

guidance systems. Accurate information of the target posi-

tion can reduce target volume margin, radiation toxicity to 

healthy tissues and organs adjacent to the treatment target, 

and increase the probability of improving the patients’ 

quality of life after radiation treatment [1-3].

Image guidance in radiotherapy is not something new, 

as every individual effort to secure the target position, and 

thus improve radiation treatment delivery, prior to the be-

ginning and throughout treatment can be incorporated in 

this process. The main purpose of image guidance in radio-

therapy is to reduce target uncertainty due to errors related 
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to setting up the clinical procedure and organ motion [4]. 

The latter consists of intra-fractional organ motion induced 

by respiration, peristalsis, or bowel gas effects and interfrac-

tional motion caused by therapy-induced tumor volume 

changes, bladder and rectum filling, and intra-abdominal 

pressure [5-9].

To achieve these goals, various modalities have been 

used and continue to evolve, such as kilovoltage (kV) im-

age, megavoltage (MV) image, computed tomography 

(CT), magnetic resonance image (MRI), positron emission 

tomography, and ultrasound (US). Each imaging modality 

has its own advantages and limitations [10,11]. In the midst 

of the rapid evolutionary period of radiotherapy, it is es-

sential to review the effectiveness of these modalities with 

respect to image guidance, thus establishing a baseline for 

further developments.

Herein, we first categorized imageguidance modalities 

according to their characteristics and then briefly intro-

duced each modality. This review solely focuses on the 

technological viewpoint of these imaging modalities and 

does not consider any clinical aspects. Therefore, the reader 

can search more detailed aspect of each modality and clini-

cal advantages or drawbacks or outcomes if you like to look 

into more.

Classification of Image Guidance 
Technologies in Radiation Therapy

Image guidance technologies are significantly diverse, 

rendering their classification challenging. Image guided 

radiation therapy (IGRT) can be distinguished into the fol-

lowing four systems, each one having different characteris-

tics and imaging goals: cone beam CT (CBCT), fan beam CT 

(FBCT), planar imaging, and nonionizing visualization [12].

Verellen et al. [13] described the evolution of IGRTs by 

listing IGRT techniques in chronological order of develop-

ment. In 1969, Haus et al. placed a radiographic film to 

the distal end of a patient during treatment to assess of 

intrafractional uncertainty on the assumption that set up 

error correlated with clinical follow-up [14, 15]. To improve 

the accuracy of imaging systems in identifying targets and 

organs at risk (OAR) adjacent to the target, hypofraction-

ated radiation therapy gradually replaced the conventional 

fractionation scheme, from which various treatment ap-

proaches have emerged such as stereotactic body radio-

therapy (SBRT), an extreme form of hypofractionation, and 

intensity modulated radiotherapy (IMRT), whose radiation 

doses are higher and more effective [16]. In addition, imag-

ing modalities can be classified according to their interfrac-

tion motion or intrafraction identification [17,18]. Another 

classification may involve MV, kV, and non-radiographic 

approaches, or planar and volumetric imaging [13].

Goyal and Kataria [19] reported the two major roles that 

imaging systems should have for radiotherapy: to define 

the target accurately and get periodic intra- and inter-

movement information regarding the target position. The 

authors also highlighted the role of nonradiation based 

systems, such as US, camera-based, optical tracking sys-

tems or electromagnetic tracking systems, MRI-guided and 

ionization-based systems, such as electronic portal imag-

ing device (EPID), CBCT, fan beam MVCT, hybrid systems 

for real time 4D tracking as CyberKnife system or real time 

tracking radiotherapy (RTRT, Mitsubishi Co Ltd, Tokyo, 

Japan) systems. Furthermore, infrared optical positioning 

systems and combinations with kV radiographic systems 

could be placed in another category.

Keall et al. [20] showed that real time 3D image guidance 

techniques, such as kV intrafraction monitoring, coupled 

MV and kV imaging (MV/kV), coupled optical and sparse 

monoscopic imaging with kV X-rays, workflow and quality 

assurance (QA) for each technique.

Despite the various methods of categorizing imageguid-

ance technologies, this review initially distinguishes IGRT 

into ionizing and nonionizing methods, and then further 

divides ionizing methods into kV and MV imaging, and 

nonionizing methods into MR, US, optical vision, and radio 

frequency (RF). Fig. 1 illustrates the classification method 

employed in this paper.

1. Use of ionizing radiation

We then categorized imaging modalities that use ionizing 

radiation based on their respective energies, such as kV/MV 

imaging.

In KV imaging, the device is attached to the machine, wall 

or ceiling, whereas MV imaging includes both planar imag-
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ing and MVCBCT.

1) kV imaging

The first recorded application of a kV imaging device for 

radiotherapy purposes goes back to the era of teletherapy 

with the use of cobalt isotopes. This review only focuses on 

imaging devices used for clinical linear accelerators (Lin-

acs). Since 1958, when Weissbluth et al. [21] reported the 

integration of a retractable kV X-ray tube into the head of a 

Linac, kV CBCT is the most commonly used imaging system 

for IGRT verification.

(1) kV planar imaging

The kV imaging system consists of a kV radiation X-ray 

tube, which is mounted orthogonally to the direction of the 

treatment beam, and a detector panel [20,22]. The greatest 

advantage of this approach is that images of the day have 

a significantly higher quality than MV portal images that 

use an MV detector panel. Consequently, images produced 

from kV devices are similar in quality to those used for di-

agnostic purposes.

However, the geometry of this low voltage imaging sys-

tem hinders the exact visualization or verification of the 

treatment beam because the combination of a kV X-ray 

tube with a detector panel does not include beam-limiting 

devices, such as multi leaf collimators (MLCs), which allow 

for precise field shaping. Therefore, images taken by the 

low-voltage X-ray tube are limited because the shaping the 

exact field size to the treatment. kV images evaluate the po-

sition of the patient based on the treatment isocenter [22-

24]. but an uncertainty exists regarding the precision of the 

isocenter position and field placement. Consequently, the 

relationship between kV imaging and treatment isocenter 

should be assessed using an alternative method such as 

treatment planning software.

As previously mentioned treatment beam verification is 

one of the fundamental limitations of kV imaging, which 

can subsequently enable the inclusion of the kV imaging 

dose to the radiation dose delivered to the patient. Fortu-

nately, the kV imaging dose is normally much lower than 

the MV imaging dose. Therefore, the kV imaging system 

is very commonly used in IGRT due to the superior image 

quality of low-voltage X-ray images [22].

Gantry-mounted is the most common arrangement in kV 

imaging systems where both the X-ray tube and the detec-

tor panel are placed together on the gantry. An alternative 

arrangement is to place the system out of the gantry, the 

X-ray tubes on the floor, and the detector panels on the 

ceiling in front of the gantry [25,26]. This system obtains 

stereoscopic images that enable accurate analysis of patient 

misalignments even though coordination necessitates ro-

tational conversion. One of the advantages of this system 

is that images can be obtained independently of the gantry 

angle, even allowing continuous imaging during treatment 

by rotating the gantry in case of the arc technique. An ad-

ditional advantage is that the rotation of the treatment table 
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does not affect the obtained images. Therefore, a precise 

setup image of the patient can be acquired with this system 

when the gantry is angled and the table is rotated.

(2) CBCT

Compared to the conventional CT, which uses a fan-

shaped beam, CBCT is a radiographic imaging modality 

that uses cone shaped X-ray beams with a single 360° scan 

in order to reconstruct 3D volumetric images. The image 

quality is similar but not better of that of CT because CBCT 

systems are intrinsically more prone to scattering and the 

generation of artifacts. There are specific differences in the 

acquisition methodology between CBCT and CT, including 

the rotation technology, scanning speed, and table move-

ment. For instance, contrary to the standard in-room heli-

cal CT equipment, CBCT allows the acquisition of imaging 

data in one revolution at a fixed table position. This in turn 

limits the maximum scan length to the maximum field side 

generated by the X-ray tube, which can be a significant is-

sue when treating volumes larger than the maximum field 

size of the tube [27,28].

Although CBCTs generally use kV energies, MV energies 

can also be used for the acquisition of volumetric images. 

With CBCT, bone anatomies, soft tissues, or fiducial mark-

ers can be visualized to match the reference image [29-31]. 

CBCT using MV energies will be discussed in a later section.

(3) In-room CT or CT on rails

CT on rails or in-room CT is a system where the diagnos-

tic CT scanner is placed in the same therapy room with the 

radiation treatment machine (Linac) [32,33]. In general, the 

CT scanner moves on rails along the scan axis on the op-

posite side of the Linac without moving the patient. After 

the scanning process is completed, CT on rails returns back 

to its original position and the treatment table is positioned 

back as well to prevent collisions throughout treatment.

The major advantage of this system is that it facilitates the 

localization of patient position during radiation delivery, 

thus enabling the acquisition of high-quality diagnostic im-

ages without any limitations to the scan length. However, 

this system also has some inherent limitations. The cost of 

purchasing and maintaining a diagnostic CT is higher than 

that of other imaging modalities, such as diagnostic mo-

dalities where the CT scanner is attached to the Linac head 

or use planar imaging, and the higher cost of preparing the 

treatment vault due to the requirement for a wider space. In 

addition, possible patient movements during the transla-

tion process between the Linac and the CT on rails may also 

cause greater setup uncertainty despite the fact that their 

respective distance is minimized.

2) MV imaging

(1) Concept of MV imaging

MV images are generated by high photon energies such 

as 2.5, 4, and 6 MV, using the same source of radiation as 

the treatment one. Compared to kV imaging, the principal 

advantage of this system is that it minimizes geometrical 

errors. The kV tube is orthogonal to the MV tube. In addi-

tion, metal artifacts can be reduced, allowing clinicians to 

obtain images with minimal distortion from patients with 

prosthetics such as dentures [34]. However, the contrast is 

significantly lower than that provided by kV imaging.

In recent years, low MV energy beams have been used for 

the generation of high quality images in clinical trials.

EPID are necessary for detecting the MV beam produced 

by the Linac. EPID are the preferred tools for image verifica-

tion, in terms of aligning digitally reconstructed radiograph 

images created by CT simulations before treatment with 

MV images, and verifying patient positioning for radiother-

apy [19,35].

(2) MV portal imaging

As previously mentioned, EPID is used to obtain images 

from low energy MV beams. However, when high energy 

MV beams are used, a significant portion of radiation is 

delivered to patients through Compton scattering, leading 

to the generation of low-quality images [36]. Instead, 2D 

projection imaging allows the precise identification of the 

patient’s position with respect to the radiation beam. Previ-

ously, kV portal imagers have been solved by using together. 

However, kV portal imagers generate images from auxiliary 

devices that are not placed on the Linac, thus increasing the 

risk of potential inaccuracies in patient position.

Metal artifacts are caused by patients wearing metal pros-

theses [37]. To solve this issue, low energy portal imagers, 
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such as 2.5 MV, are widely used in clinical trials because 

X-rays at that energy range can interact with a higher prob-

ability of photoelectric effect than that of high energy portal 

imagers (6 MV or more). This will in turn produce images 

with better quality, higher contrast and sharpness, espe-

cially in bony anatomical structures. 

(3) MVCBCT

MVCBCT is used to reduce setup errors and improve the 

overall treatment ratio. This is accomplished by comparing 

the MV imaging beam with planning CT images to assess 

whether patients are in the optimal treatment position. The 

CT method uses a slice-by-slice registration that provides 

precise patient setup [38].

The first commercially available MVCBCT systems were 

the Siemens Oncor and Artiste platforms. MV imaging can 

also be used with helical tomotherapy, which integrates a 

Linac and a MVCT. 

MVCBCT where images are acquired with a normal en-

ergy of 4 MV. The Halcyon system was recently released by 

Varian Oncology Systems (Varian, Paloalto, CA, USA) with 

the following features: 15 seconds rotation time, 800 MU/

min nominal dose rate, dynamic MLC with 5 cm/s leaf 

speed, and 6 MV treatment energy flattening filter free (FFF) 

[39]. Although this system uses a single energy of 6 MV, it 

also offers the option for adding an on-board kV CBCT im-

ager, which, however, increases the cost of radiotherapy [40].

The advantage of MVCT is that it uses the same beam 

line as the treatment one, which makes it possible to mini-

mize potential geometrical errors with a treatment plan and 

facilitate a comparison with the 3D planned CT images. In 

addition, the imaging dose of MVCBCT can be considered 

in the actual treatment planning process because the imag-

ing beam has already been modeled as a treatment beam 

by the treatment planning system. Imaging volumes rang-

ing from 2–15 cGy per scan have been reported in literature. 

In case of sufficient image quality with 2.5 MVCBCT images 

for bony alignment, the MU value for the head, thorax, and 

pelvic regions was found to be 2–3 MU compared to the 26 

MU reported with a 6 MVCBCT scan [41].

In terms of image quality, MVCBCT and MVCT images 

have less contrast than those of kV CT. However, both im-

ages are affected less by metal artifacts. Also, it has been 

shown that images obtained with MV energies can delin-

eate anatomical structures and verify patient positioning 

[30,40].

(4) MV tracking

In radiation therapy, the movement of internal organs 

and patient respiration are responsible for potential differ-

ences between planned and irradiated volumes, differences 

that may cause treatment failure. To solve this problem, it is 

necessary to observe the anatomical structures constantly 

and match the radiation field with the planning target 

volume. Using a statistical approach, tumor motion in 3D 

could be estimated through limited MV projections [42]. 

For example, it has been shown that this motion can vary 

in magnitude in patients with prostate cancer. MV imaging 

and a motion tracking are required for monitoring tumor 

motion in real time [43]. MV tracking is also known as cine 

EPID, and refers to a treatment modality in which radiation 

is only delivered when the tumor site is in the treatment 

radiation area. However, it is still difficult to irradiate ac-

curately the tumor in real time by tracking its movement. 

In recent years, artificial intelligence has been introduced 

in clinical settings to predict tumor movement or patient 

breathing patterns, and novel technologies that could en-

sure precise target irradiation are being studied [44].

2. Use of nonionizing radiation

1) MRI

Image guidance with kV imaging systems, which are the 

most commonly used systems in recent days, cannot visu-

alize soft tissues, especially in the abdomen and pelvic area, 

because X-ray images do not contain functional informa-

tion. Although 4D CBCT can be used for the assessment 

of intrafraction motion during treatment, the long image 

acquisition time and the ionizing nature of the X-rays can 

cause significant issues to the resulting imaging. On the 

contrary, MRI has better soft tissue visualization, which en-

ables this medical imaging technique to easily distinguish 

targets from critical structures near the target. An additional 

advantage of MRI is that it does not use ionizing radiation, 

and thus it is considered a noninvasive process. The su-

perior soft tissue contrast allows for continuous real time 
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imaging, which can be used for gating or tracking radiation 

therapy without surrogate tracking markers on the patient’s 

body. Quantitative imaging is an additional aspect of MRI, 

which can be a useful tool for tumor response assessment 

during treatment, indicating the success of real time adap-

tive therapy. However, MRI has its own drawback as well, 

such as the requirement of long scanning times for image 

processing, distortion correction and scale calibration, the 

necessity to implement MRI and RF shields to the machine 

and the whole treatment vault, and extra caution regarding 

MR safe immobilization to allow a reproducible setup for 

patients [18,45].

In radiotherapy, MRI can be used in target delineation 

and planning before and during the treatment process, 

dose calculation, patient setup during treatment delivery, 

position monitoring, internal organ monitoring, and tumor 

movement monitoring during the treatment delivery, and 

treatment response assessment after treatment [18,46-48].

Special precautions are necessary when using MRI, espe-

cially because radiation oncology staffs are generally not fa-

miliar with the safety precautions required for working with 

the magnetic field. Staff must have appropriate training to 

enter MRI zones and consider both MR and radiation safety 

concerns.

The absence of a symmetric radiation beam profile in the 

MR environment induces slight changes in the depth dose, 

shallower maximum dose depth, wider penumbra, and 

increased dose to the interface between tissue and air (elec-

tron return effect) [49-51].

Integration of 6 MV Linac with an 1.5 T MRI system was 

attempted by Raaijmakers et al. as early as 2004 [49,50,52]. 

Nowadays, there are several commercialized Linac models 

combined with MRI systems as an image guidance tool. The 

first attempt to use MRI in radiotherapy settings was MR on 

rails, where the MRI scanner is allowed to travel inside the 

vault in the vicinity of the Linac [53].

(1) MR on rails

The first attempt to use MRI as an imageguidance tool 

in radiotherapy was to install an MRI very next to the ra-

diotherapy treatment room and allow it to move into the 

radiotherapy vault when necessary. The Princess Margaret 

Cancer Centre are the most comprehensive facilities in the 

world where a 1.5-T MR scanner is mounted on a rail, oper-

ating as an MR simulation, MR-guided brachytherapy with 

a MicroSelectron (Elekta, Stockholm, Sweden) iridium-192 

source (10 Ci) enclosed, and MR-guided external radio-

therapy with TruBeam (Varian) [54]. Similar to the design 

of CT on rails for external radiotherapy, MR on rails can 

translate a 3.1 m long between the isocenters of the Linac 

and MRI. Because an independent conventional MRI sys-

tem with Linac is typically used, the MR on rail system lacks 

the functionality features that the comprehensive MR-Linac 

system has, such as an online adaptive planning, imaging, 

and tumor tracking system during treatment. However, sys-

tems such as MRIdian (ViewRay, Denver, CO, USA) or Unity 

(Elekta, Stockholm, Sweden) have managed to include this 

feature in the integrated form of MRI and Linac.

(2) MRIdian

The first commercial integrated MRI-guided radiation 

therapy system was introduced for patient treatment pro-

cesses at the Washington University (St Louis, MO, USA), 

in 2014. In the initial system model, the radiotherapy de-

livery system consisted of three Co-60 sources with three 

10.5×10.5 cm2 fields at the isocenter controlled by a double 

stack and double focus MLC system and the initial dose rate 

was approximately 550 cGy/min [55].

The ViewRay system consists of three main components, 

namely the MRI system, radiotherapy delivery system, and 

adaptive radiotherapy treatment planning system. The first 

system has three cobalt isotopes as the radiation therapy 

system and a 0.35-T MRI system with a double-doughnut 

design with a 50-cm field of view (FOV). Co-60 sources are 

set apart 120° from one another that can freely rotate ±60° 

from their initial position [55].

This MRI system has a 70-cm bore diameter, which 

provides a 50-cm imaging FOV, and it is operated by the 

True Fast Imaging with Steady State Precession (TRUFI) 

sequence during clinical imaging. This system also can also 

perform real time imaging for one or three planer images of 

a sagittal cross section with a frame rate of four frames per 

second.

The Co-60 source does not affect the magnetic field, and 

the radiation generated from these isotopes is not influ-

enced by the magnetic field as well. Therefore, the only fac-
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tor that needs to be considered is the effect of the magnetic 

field to the radiation dose inside the patient body.

In other way, radio isotopes have limited in reducing 

their size which is one of the main causes of an increased 

penumbra, and needs regular replacement due to decreas-

ing dose rate induced by radiation decay, which of course 

increases the maintenance cost. The beam penumbra was 

measured to be approximately 2–4 times broader than 

the one in the conventional Linac [56]. The use of three 

isotopes, which are deployed symmetrically around the 

isocenter, mitigates the relatively low dose rate operation; 

however, MLCs for each source allow a complication of me-

chanical operation. Consequently, the ViewRay system has 

now shifted to a single Linac-based system.

The Linac-based system can maintain a continuous high 

dose rate, and the single MLC used can reduce errors dur-

ing the operation. A few technical specifications include 

an FFF X-ray beam of 6 MV, a 90-cm SAD, a 600-cGy/min 

dose rate at the isocenter, double focus and double stacked 

MLC composed of 138 leaves with a maximum field size of 

27.4×24.1 cm, whose penumbra is as small as 1.75 mm at a 

2×4.15 mm field size.

The 0.35-T MRI operates with a fast slew rate of 200 T/m/

s. A 217-cm long bore length covers the entire length of the 

patient, while a flexible RF coil can transmit RF energy to 

any site. Its capability to take real time sagittal images with 

4 fps during irradiation always enables the gating treatment 

based on MRI guidance. MR images obtained for patient 

positioning/setup calculate the expected dose distribution 

to be delivered to patients, reoptimize segments for prede-

termined fields, and reoptimize both the gantry angle and 

MLC if necessary [57].

(3) Unity

Another MR-guided Linac system manufactured by Ele-

kta hybrided with a 1.5-T Philips MRI is now installed glob-

ally after its recent commercialization. The Unity system 

uses a 7-MV energy X-ray positioned outside the magnetic 

bore with a dose rate of 500 cGy/min; hence, the radiation 

beams are delivered to the patient after passing through the 

magnet [54,58,59]. This system has a relatively long SAD of 

143.5 cm and 160 leaves MLC moving in a direction parallel 

to the axis of the magnet. The MRI system provides various 

sequences, such as T1-weighted, T2-weighted, and diffu-

sion weighted, with the superior functionality of perform-

ing real time imaging in three planes (axial, sagittal, and 

coronal) simultaneously. Gating delivery guided by real 

time MRI is not yet installed, but its expected to be adopted 

soon. In terms of adaptive radiation therapy, the Unity sys-

tem provides two types of adaptive therapy modes: adapt 

to position (ATP) and adapt to shape (ATS) workflows. 

Regarding the ATP workflow, daily delineation is neither 

needed nor possible because the only parameter updated 

compared to the pretreatment CT is the isocenter position. 

In contrast, in the ATS workflow, volumes around the target 

can be recontoured based on the daily MRI for treatment 

plan adaptation.

The ATP workflow allows for plan adaptation solely based 

on the online patient’s position on the table. Consequently, 

the simulated CT image is matched with the online MRI 

via rigid image registration, and when this process is com-

pleted, the isocenter position is updated based on the daily 

MRI image. Then the dose distribution is recalculated or 

reoptimized to reproduce or improve target coverage in the 

original plan. All these processes use simulation CT and 

predelineated contours, and thus recontouring is unneces-

sary because plan adaptation is based on the original pre-

delineated contours [60].

The ATS workflow allows for plan adaptation accord-

ing to the patient’s new anatomy, and the treatment plan 

is optimized based on the daily MRI image and contour 

adjustment. The first step is the same as in ATP, i.e., image 

registration between the pretreatment CT and MRI image 

of the day. The predefined contours are then automatically 

propagated by deformable image registration onto the new 

MRI image, and if necessary, the propagated contours are 

edited or confirmed by a radiation oncologist. Electron 

densities (EDs) are assigned to the structures based on the 

average ED of the corresponding contours on the simula-

tion CT, the plan is then recalculated or reoptimized based 

on the MRI image of the day, and the contours are adjusted. 

The list of the objective functions for optimization remains 

unchanged in the ATS workflow. Similar to the ATP work-

flow, the ATS workflow has multiple options for plan recal-

culation and reoptimization [60].
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(4) Additional MRg Linacs

Two other types of MRg Linacs are being developed on 

the research base: the Australian MRI-Linac and the Auro-

ra-RT (MagnetTx, Edmonton, Canada).

The Australian MRI-Linac program was recently imple-

mented at the University of Sydney, Australia to exploit the 

ability of MRI in providing functional information from 

both spatial and temporal patient images and adaptive ra-

diotherapy. This system uses a 1.0-T open bore magnet with 

a 82-cm diameter and a 50-cm gap. The spectrometer and 

control system are provided from Siemens, and the 6-MV 

Linac with Millennium 120 leaf were delivered from Varian. 

The researchers employed an inline orientation in which 

the Linac is aligned with B0 and the patient is placed in-be-

tween the magnet gaps to minimize the effect of the B field 

on both the Linac operation and the modified dose inside 

the body [61].

Another research-based MR-Linac has integrated a Linac 

onto a biplanar rotating MR system. The researchers have 

tried both configurations (radiation is perpendicular or par-

allel to the magnetic field direction of the MRI) and showed 

that the parallel configuration could reduce the exit skin 

dose and dosimetric hot spots that are present in the per-

pendicular configuration of other systems and which are 

caused by the electron return effect. With the 6-MV Linac, 

they optimized the magnetic field strength to 0.6 T, which 

they believe it is the only way to eliminate the radiation hot 

spots developed at the air-tissue interfaces within the lung 

or bronchus [62]. This system will soon become commer-

cialized under the name of Aurora-RT at MagnetTx Oncol-

ogy Solutions Ltd.

The most outstanding difference between these two MR-

Linac systems combined with an open magnet configura-

tion is the rotating part of the system. In the Australian 

MRI-Linac, both the magnet and the Linac are fixed and the 

patient can be rotated to achieve conformal delivery of the 

radiation beam. On the contrary, the Aurora-RT has a rotat-

ing MR magnet and the patient is not moved during treat-

ment.

A hybrid MRI/Linac system is a technical challenge be-

cause the MRI and the Linac affect one another, degrading 

the quality of MRI images and inducing significant insta-

bilities on the Linac operation.

To reduce the effect of the RF wave generated from the 

Linac to the homogeneity of the magnetic field, and thus 

to the resultant MR images, the RF shielding technique is 

commonly used. The shield consists of carbon fiber and 

copper material, which absorbs and reflects the RF wave, 

respectively, preventing it from reaching the imaging space 

of the MRI system. All Linac components, such as RF gener-

ator and modulators, are placed symmetrically around the 

MRI magnet bore to minimize magnetic field distortion and 

secure the integrity of the field. Things that any movement 

of metallic components is not allowed during MR imaging 

limits to only step and shoot delivery with MLC and prohib-

its VMAT technique in IMRT delivery.

Furthermore, the impact of the magnetic field to the elec-

tronic circuit and RF system of the Linac can be prevented 

by “hiding” the Linac from the magnetic field. Ferromag-

netic materials and mu-metals can reduce the magnetic 

field around the Linac almost to the geomagnetic level.

MRI is one of the most prominent imaging modalities in 

IGRT, but certain improvements should be made to propel 

its widespread use. Accuracy in dosimetric calculations and 

highly modulative dose distribution could compete with 

the high quality dose distribution generated from the state 

of the art Linac system equipped with innovative hardware 

and artificial intelligence (AI)-aided software [63].

2) US 

Current research has also been focusing on the adapta-

tion of US imaging to radiation therapy as an image guid-

ance tool because this modality can provide 2D, 3D, and 

anatomical imaging, and real time monitoring. Although 

not widespread, US is now being used in radiation therapy 

for patients with prostate, bladder, breast, and liver cancer 

[64,65].

US imaging also provides a good soft tissue contrast and 

allows for contouring of organs, such as the prostate, which 

cannot be adequately distinguished in CT. US a real time 

image modality in which images are continuously recon-

structed and visualized during the image acquisition pro-

cess. 

Although US is a nonionizing imaging modality, which 

does not induce additional harm to patients treated, and 

it is a relatively cost effective, the reason why US imaging 
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is not widely used in clinical settings is due to its distinct 

drawbacks. For instance, US assumes that the average speed 

of sound remains the same for all different tissues during 

the imaging process, adding a distance uncertainty to the 

respective images. Geometric uncertainty is also enhanced 

when the US travels deeper in the respective tissues. Fur-

thermore, it has low tissue accessibility due to high absorp-

tion by dense materials, such as bone, and homogeneous 

low-density materials such as air. In addition, the frequent 

occurrence of occurring artifacts on US images and the 

strong user dependency, which is due to the requirement 

for manual operation, render the US difficult to adapt to 

radiotherapy. Finally, to achieve sufficient acoustic cou-

pling between the probe and the patient body, an acoustic 

coupling medium, such as water or gel, is typically applied 

to the patient’s skin, which is not compatible with radiation 

therapy.

The prostate is one of the most widely used sites for US 

imaging, which can be divided in three types: transrectal US 

imaging (TRUS), transabdominal US imaging (TAUS), and 

transperineal US imaging (TPUS) [66].

In TRUS, the probe is placed inside the rectum through 

the anus. Although it is a minimally invasive imaging pro-

cedure with good image quality of the prostate, rectal filling 

is required, and the potential existence of air bubbles in 

the rectum may result in poor images. Usually, the probe 

is guided by fiducial markers during the simulation, while 

monitoring of inter and intrafraction organ motion during 

the treatment is less commonly used. TRUS also plays a cru-

cial role in brachytherapy in prostate cancer. In addition, al-

though other imaging modalities can be significantly more 

effective in external radiotherapy than US, high dose rate or 

low dose rate prostate implants are limiting these imaging 

modalities in terms guiding applicators and needles.

In TAUS, the probe is placed on the abdomen and mea-

sures the prostate volumes obtained from TRUS imaging, 

by using the acoustic window of the bladder; however, this 

implies that patients will need to have a full bladder, which 

may cause a significant discomfort to the patient. This ap-

proach is unavoidable to far location of the probe from the 

prostate, which might affect the image quality in case of 

heavy adipose tissue in obese patients. It could be said that 

this approach is suitable for interfraction monitoring, yet it 

is very challenging as the probe may be in the beam path 

during treatment.

Finally, in TPUS, the probe is placed on the perineum 

and a semi-full bladder is required to obtain good quality 

images. In addition, the probe does not interfere with the 

treatment beam, and is thus a good configuration for moni-

toring intrafraction motion during the treatment.

Few US systems have been commercialized for radio-

therapy, including the SonArray system (Varian), B-Mode 

Acquisition and Targeting system (Best nomos, Pittsburgh, 

PA, USA), and Clarity (Elekta). Clarity Autoscan is the only 

commercial system used in the clinical field offering mo-

torized control of the sweeping motion of the 2D probe 

(m4DC7-3/40, center frequency of 5 MHz and a probe 

tracking system attached to a base plate on the CT or Linac 

table [67-69]. The 3D volume is evaluated at the simulation 

stage, prior to the treatment planning process. A full sweep 

image is obtained and compared with the simulated image 

for the calculation of isocenter displacement, accounting 

for the interfractional motion of the prostate. Real time im-

aging of this volume allows 3D monitoring of the prostate 

movement during the treatment.

US images have a geometric difference of approximately 

5–10 mm from other 2D or 3D volumetric imaging modali-

ties such as CBCT and CT. Latency of approximately 45–220 

ms between the motion of the US phantom and the track-

ing in real time monitoring and prostate displacement (in 

TAUS) of approximately 1–3 mm due to pressure from the 

probe have been reported. In contrast, there is no expected 

displacement of the prostate or other OAR around it in 

TPUS imaging, due to the fact that the probe does not need 

to be removed during the dose delivery. Differences in im-

aging quality among different operators must be considered 

in US imaging. Furthermore, inter- and intra-operator vari-

ability of approximately 1–2 mm can be assumed in terms 

of matching the US image to other images, which can be 

improved by further training and experience [66-69].

3) Surface imaging

In recent years, the clinical use of surface guided radia-

tion therapy (SGRT) has rapidly increased. SGRT systems 

use optical surface scanning of patients for patient position-

ing prior to the start of the treatment, but also for patient 
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monitoring during treatment, including respiratory gating. 

Such systems can substitute the patient setup laser and im-

aging systems, such as electronic portal, on-board imager, 

or cone beam CT and conventional respiratory gating signal 

generating systems individually or as a whole. 

Generally, the SGRT technique uses a projector and one 

or several camera units to scan the surface skin of the pa-

tients. A reference surface image around the treatment iso-

center position taken at the time of simulation is necessary 

for calculating the potential shift in the patient position in 

six dimensions, including both translational and rotational 

directions. Optical scanning of the patient’s surface is aided 

by laser scanners, a depth camera with time of flight tech-

nology, stereovision technologies, and structured light sys-

tems [70-72].

Although there are some differences pertaining to the 

technique employed and the actual process among models, 

the advantages of surface image guidance are submillime-

ter accuracy, noninvasivess, nonionization, etc. Surface 

image guidance is only tracking the patient surface and not 

tumors or organs inside the patient. Therefore, a discrep-

ancy between surface and tumor movements may exist. 

Correlation between tumor and surface motion depends on 

the respective site, and thus the surface cannot be always a 

reliable surrogate parameter.

There are some intrinsic disadvantages of surface imag-

ing. An optical system is used to scan the patient’s surface, 

which is influenced by the surrounding light intensity of the 

room, the light field from the gantry head, and the skin tone 

of each patient. A region of interest (ROI), which in this case 

is the skin surface of the patient, should always be visible to 

the camera and should not be covered with a blanket dur-

ing the treatment. Therefore, patients may feel discomfort, 

especially when a sensitive area needs to be constantly 

exposed or due to low temperatures in the treatment room. 

During treatment monitoring, the monitoring signal can 

vary according to the location and shape of the ROIs set. 

The accuracy of this process is reduced the flatter the ROI 

surface becomes and with no surface modulated.

Many clinical reports have been published using surface 

image guidance, including the monitoring of breasts shape 

and position, cardiac sparing with deep inspiration breath 

hold in left breast radiotherapy, surface guidance patient 

setup in whole breast and accelerated partial breast irradia-

tion, open mask immobilization using SGRT in head and 

neck (H&N) cases, breath hold lung SBRT, and Pelvis RT 

[73-75].

Several image guiding systems have become commercial 

globally. Among these systems, the AlignRT (VisionRT Ltd, 

London, UK), Catalyst (C-RAD, Uppsala, Sweden), Identify 

(Varian), and the ExacTrac Dynamic (BrainLab, Munich, 

Germany) have already been introduced in Korea so far. 

The following sections will briefly introduce the AlignRT 

and Catalyst and ExacTrac Dynamic systems.

(1) AignRT

The AlignRT system, which is available under the Vi-

sionRT brand name, is installed in the treatment room with 

three pods mounted at the ceiling, one central and two 

lateral pods. Each pod contains two camera sensors and 

a projector enabling real time 3D surface reconstruction. 

Frame rates for images updated by cameras can reach up 

to 25 fps. A 3D body surface of the patient generated based 

on the planning CT is exported to the AlignRT system as a 

reference image. ROIs could then be set on the body sur-

face to monitor the patient’s position during the treatment. 

The average difference of the position on the ROI area is 

calculated with six degrees of freedom using a rigid image 

registration algorithm. The definition of ROIs can affect the 

respective results, therefore, it is important to establish a 

ROI that best represents patient and tumor motions, and 

ensure good detectability by the cameras. For example, in 

patients with breast cancer the ROI includes the breast with 

an isotropic margin of a few centimeters. Sometimes ROIs 

are modified to ensure proper visualization and optimize 

the reasonable positioning error calculated. ROI monitor-

ing on the ipsilateral breast has been shown to be more ac-

curate than monitoring both breasts [76].

(2) Catalyst

The Catalyst system consists of three high‐power light 

emitting diode projectors of different colors and different 

purposes. A projector using near‐visible violet light (λ=405 

nm) reconstructs the surface on the patient skin, while pro-

jectors using green (λ=528 nm) and red (λ=624 nm) light 

are used for live feedback of the patient’s posture. The near‐
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visible violet light is projected as sequenced lines onto the 

patient’s surface to be scanned. The irregular surface of 

the objects scanned may distort the sequenced projected 

lines detected by a charged‐coupled device (CCD) camera. 

Due to the fixed geometry between the projector and the 

CCD, optical triangulation can be used to reconstruct a 3D 

surface of the patient’s surface. Patient setup is performed 

in two steps prior to the treatment: first, patient posture 

correction is accomplished using surface image matching 

and then isocenter position adjustment is performed using 

a deformable algorithm matching to the reference image. 

To correct patient posture, the Catalyst system matches the 

current patient’s surface, which is updated in real time, with 

the reference surface, which is limited within a predeter-

mined volume, and then calculates a distance map between 

the surfaces. As the distance of the two surfaces differs from 

the predefined level, the system creates a 3D color map that 

represents spatial out of tolerance, which is subsequently 

projected onto the patient’s skin by the projectors. The 

therapists can then correct the patient’s posture and posi-

tion by assessing the projected transparent color map on 

the patient surface [77-79].

(3) ExacTrac Dynamic

Recently, a somewhat different type of surface image 

guidance system has been developed and commercialized, 

which is combined with a thermal tracking system. More 

specifically, in the ExacTrac Dynamic, a stereoscopic X‐ray 

system, optical surface tracking system, and thermal track-

ing system are all combined in a single system. This system 

uses a conventional x-ray imaging system with two x-ray 

tubes mounted on the floor and two flat panel detectors 

mounted on the ceiling of the treatment room, and surface 

imaging is performed with optical and thermal cameras 

mounted on the ceiling, which detect visible surface images 

of the patient and infrared waves radiated from the body, 

respectively. Thermal images of the patients might reduce 

the registration sliding effects for surface imaging and im-

prove position accuracy [80].

4) RF

Target localization is accomplished by two methods 

which are either image or fiducial based. Image based lo-

calization utilizes medical images taken by a radiographic 

method, such as kV and MV imaging, 2D or 3D imaging, 

and other images such as US. One of the fiducials for tar-

get localization could use RF signals from the transponder 

implanted near the treatment target. These signals can be 

tracked by a receiver array positioned outside the patient.

The Calypso 4D System (Varian) is an example that uses 

radiofrequency waves for monitoring the prostate during 

each treatment fraction. Three small electromagnetic tran-

sponders or beacons are implanted into the prostate using 

an US-guided transrectal approach, and the beacon tran-

sponders inside the prostate communicate with the Calypso 

4D using radiofrequencies during the radiation treatment 

[81-83].

However, communication with transponders implanted 

deeper than 27 cm underneath the skin is not feasible. Fur-

thermore, metallic structures, such as hip prostheses, may 

interfere with this communication if they happen to be on 

the transponders path. Nonetheless, this is nonionizing ra-

diation method with the capability of real time tumor track-

ing, which increases the accuracy of tumor position and re-

duces treatment margins for dose escalation with minimal 

tissue toxicity.

Many studies have shown that real time tracking of pa-

tients is an essential advantage for the success of radiation 

treatment, especially when it comes to the prostate, by 

tracking intrafraction motion during treatment fractions 

[82-84].

Discussion and Conclusion

Image guidance in radiation therapy incorporates im-

aging techniques during each treatment session and can 

reduce target margins and increase the radiation dose 

delivered to the target, while sparing normal tissue that 

is adjacent to the target from exposure to a high radiation 

dose. Various imaging modalities have been used. Some of 

a modality has prior visibility in soft tissue to the other one 

which has a distinctive bone discriminability for example. 

Bone is a good radiographic marker for image guidance in 

setting up the radiotherapy patient. However, most of the 

target volume is bound to contain soft tissue, which can 

easily shift the true location of the target site. Consequently, 
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if high quality images are obtained before each radiation 

therapy treatment session, the target can be matched with 

the planning images, rather than the bone, facilitating a 

more accurate treatment process. On the contrary, match-

ing the bone can provide higher accuracy of radiation de-

livery in cases of brain and H&N tumors, or based on the 

internal target volume in patients with lung cancer.

Therefore, image guidance modality should be carefully 

selected by considering the treatment site, availability, cost, 

and applicability.

To maintain the optimal accuracy of image guidance, QA 

focusing on the imaging modality used is essential because 

it is frequently overlooked compared with the treatment 

machine. Image guidance is now becoming a standard pro-

tocol, specifically for adaptive radiation therapy.

In this respect, further studies are necessary for the iden-

tification of the optimal target margin in each modality and 

each treatment site.
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