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 Summary
  The use of Cone-beam Computed Tomography (CBCT) in radiotherapy is increasing due to the 

widespread implementation of kilovoltage systems on the currently available linear accelerators. 
Cone beam CT acts as an effective Image-Guided Radiotherapy (IGRT) tool for the verification of 
patient position. It also opens up the possibility of real-time re-optimization of treatment plans for 
Adaptive Radiotherapy (ART). This paper reviews the most prominent applications of CBCT (linac-
mounted) in radiation therapy, focusing on CBCT-based planning and dose calculation studies. This 
is followed by a concise review of the main issues associated with CBCT, such as imaging artifacts, 
dose and image quality. It explores how medical physicists and oncologists can best apply CBCT for 
therapeutic applications.
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Background

Accurate patient positioning and beam placement is cru-
cial for achieving desired treatment outcomes. However, 
patient set-up variations and errors can occur during the 
course of treatment. In order to ensure proper patient 
positioning relative to the treatment beam Image-guided 
Radiotherapy (IGRT) which corrects for any changes in 
patient position and target localization before each treat-
ment session is adopted. Traditionally, radiographic films 
(port films) were placed beyond the patient to produce an 
image. This method was time consuming in terms of devel-
opment and evaluation of the films and was limited to a 
set-up accuracy of about 5 mm [1]. Later, Electronic Portal 
Imaging Devices (EPIDs) mounted on a linac using robotic 
arms were introduced into clinical practice. EPIDs produce 
digital images that allow for online treatment verification 
and automatic analysis. Additionally, these digital images 
can be readily deployed and shared via networks improving 

data flow in the Radiation Oncology departments. Three 
different variations in the design of EPIDs are available. 
They include video-based, scanning liquid-ion-chamber-
based and hydrogenated amorphous silicon (aSi: H) based 
devices. Due to the high quantum efficiency (70–80% more 
than video-based systems) of aSi: H flat panel EPIDs, sat-
isfactory image quality is obtained and the aSi: H EPID is 
now dominant. However, since EPIDs use linac beams in 
the megavoltage energy range, poor contrast images are 
obtained due to the dominance of Compton Scattering. 
This resulted in a trend to use diagnostic (kV) x-rays to 
the target area to provide images with higher contrast. 
In practice this was achieved by mounting an x-ray tube 
and Flat Panel Imager (FPI) onto the linac gantry such that 
they share a common isocenter with the treatment unit. 
The placement of a kV source/imager on the linac gantry 
opened up the possibility of obtaining tomographic slic-
es through the patient by rotating the linac gantry with 
the kV source/imager operational. However, as the linac 
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treatment couch typically cannot move when the beam 
is on, a cone-shaped rather than fan-shaped kV beam is 
employed to enable the acquisition of a volumetric data set 
in one gantry rotation. The 3D volumetric data is obtained 
directly from a reconstruction of its 2D projections. This 
imaging approach is an example of Cone Beam Computed 
Tomography (CBCT) [2].

Currently IGRT can be performed using many systems and 
techniques, including ultrasound, MRI, EPIDs, radiographic 
and fluoroscopic imaging, CT guided systems such as CBCT 
(kV and MV), CT-on rails, MV CT, 4D techniques like gating, 
tracking and breath holding. Depending on the structure 
of interest, the clinical objectives and the desired level of 
precision, a suitable IGRT tool should be chosen. The use 
of CBCT with kV x-rays (30–140kV) offers superior low 
contrast resolution when compared to EPIDs. Additionally, 
high spatial resolution [3] and high quantum efficiency 
(~60%) have made CBCT a popular choice in radiotherapy 
applications.

Overview of CBCT in Radiotherapy

A schematic illustration of a cone shaped x-ray beam 
directed towards a flat panel imager through the object 
(volume of interest) is shown in Figure 1. Typically the 
cone-shaped beam is further collimated to produce rectan-
gular beams.

CBCT was first commercially available for dentomaxillo-
facial imaging in 2001 [4]. Since then Cone-beam CT was 
found to be promising for radiotherapy applications such 
as IGRT as it could reduce patient set-up errors before each 
treatment session. CBCT mounted to the linac acquires 
images of the patient in the treatment position to verify the 
patient set-up. Any displacement of the target region (inter-
fraction and intrafractional movements) during the course 
of the treatment leads to a lowered dose being delivered to 
the target. An increase in the target dose is only possible 
by reducing field margins [5]. Thus, the field margin is the 
limiting factor in the coverage of the entire tumor and its 
movements. In order to reduce the field margin, the inter- 
and intra-fractional tumor motion must be managed. The 
rationale of IGRT is to reduce the margins by managing 
tumor motion and provide optimal treatment plans using 
images with the patient in the treatment position immedi-
ately prior to or during the treatment. Image-guided treat-
ment enhances uniformity in the doses administered to 

patients, thus providing the ability to measure the effects 
of dosimetric and non-dosimetric factors on the tumor and 
healthy tissues and assess the outcomes in clinical trials. 
IGRT represents a new paradigm in the delivery of highly 
precise radiation therapy [6].

In addition to positional/set-up errors, the geometric vari-
ations of target and critical normal organs can also have a 
negative impact on the outcome of radiotherapy. In order 
to compensate for these variations, treatment volumes 
have been defined for treatment planning in ICRU report 
50. However, there was no treatment planning method 
that has been customized based on individual patient ana-
tomical variations [7]. This greatly reduces the optimiza-
tion of planning and hence diminishes the applications 
of modern radiotherapy techniques, such as 3DCRT and 
Intensity-modulated Radiotherapy (IMRT). With advanced 
techniques, any possible variations in the beam geometry 
(beam displacement) or patient geometry become measur-
able during the process of treatment. This process of radia-
tion treatment during which the treatment plan can be 
modified just before each treatment fraction based on cur-
rent anatomy is known as “Adaptive Radiotherapy” (ART). 
CBCT as ART tool helps track anatomical changes as well 
as regression of tumour volume and incorporates them to 
re-optimize the treatment plan either online or offline dur-
ing the course of radiotherapy [8,9].

More recently, researchers from Denmark and the U.S. [10] 
have indicated that CBCT could detect density changes in 
normal lung tissue during the treatment course. Out of 665 
CBCT images from 65 lung patients, changes in lung tis-
sue density were clearly correlated with locally delivered 
dose and it was concluded that this study could form the 
basis for biologically adaptive radiotherapy if a correlation 
is established between the change in the density and clini-
cal toxicity during the initial fractions of therapy.

Apart from radiotherapy applications, CBCT plays a vital 
role in industrial applications as a non-destructive testing 
tool for viewing the internal structures of the parts. Since 
CBCT offers short acquisition time and isotropic spatial 
resolution of the reconstructed images, it has become the 
most dominant tool in testing applications [11].

Linac-mounted CBCT Imaging Devices

At present, there are three gantry-mounted cone beam 
devices available. They are the Varian On Board Imager 
(OBI) (Varian Medical Systems, USA), Elekta XVI (Elekta 
Oncology Systems, UK) and Siemens (Siemens Medical solu-
tions, Germany) (Figure 2). The Varian and Elekta systems 
are kV- CBCT imaging modalities (30–140 kV), in which the 
kV x-ray source (kVS) and a kV detector (kVD) are attached 
to the linac gantry at a 90° offset from the treatment beam. 
Siemens has developed both kilovoltage cone beam (kVi-
sion™) and megavoltage cone beam imaging tools (MVision) 
(1–6 MV) for patient position verification and adjust-
ments. As very few kVision systems are in use, their details 
are scarce. By utilizing the existing megavoltage beam, 
MVision provides 3D soft tissue contrast necessary for 
targeting many disease sites. A more recent device devel-
oped for image-guided stereotactic body radiation therapy 
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Figure 1.  Schematic illustration of Cone Beam CT geometry.
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(SBRT) system, the MHI-TM2000/VERO system (Figure 2D), 
a joint product of MHI (Mitsubishi Heavy Industries Ltd., 
Tokyo, Japan) and BrainLAB (BrainLAB AG, Feldkirchen, 
Germany), utilizes a rotating, rigid ring structure to inte-
grate a beam delivery platform and image guidance sys-
tems. The Vero system uses kilovoltage cone beam CT reg-
istration and optical tracking of infrared reflective markers 
in order to localize and correct the patient position before 
and during the treatment.

Images produced by kV-CBCT show a superior high-con-
trast resolution due to the dominance of the photoelectric 
effect at kV energies. At MV energies, since the dominant 
interaction is Compton scattering (inversely proportional 
to the photon energy and nearly independent of the atom-
ic number, Z), the image contrast for MV-CBCT images is 
reduced for several tissue equivalent materials. In order to 
further understand the advantages, disadvantages and the 
practical considerations of CBCT in radiotherapy, the hard-
ware and the software components of CBCT are reviewed 
below. Most of this review work is based on the Varian 
CBCT system due to hardware and software availability at 
our institution.

CBCT Hardware

X-ray source

The x-ray source is either kilovoltage (30–140 kV) or mega-
voltage (1–6 MV). Travel range of the collimator, the target 

angle and the focal spot values vary depending on the 
CBCT design. The Elekta kV source is a fan-cooled x-ray 
tube whereas in the Varian OBI it is an oil-cooled rotat-
ing anode x-ray tube with 14° target angle and two focal 
spot sizes (0.4 mm and 0.8 mm). Once the beam exits the 
window, it is first modified by a fixed primary collima-
tor followed by two pairs of movable Lead blades which 
adjust the field size. In addition, Varian uses two custom-
designed aluminium filters called “Bow-tie” that equalize 
x-ray intensity laterally across the detector for two differ-
ent modes of acquisition. In Elekta, the kV panel can be 
positioned at three different field of view (FOV) positions, 
namely S (small FOV), M (medium FOV) and L (Large FOV). 
The bow-tie filter (F1) is inserted between the source and 
the patient to reduce intensity variations across the detec-
tor. Siemens utilizes the treatment beam from a conven-
tional linac and obtains an accurate representation of the 
patient in the treatment position using an electronic por-
tal imager. Table 1 shows the standard geometric specifi-
cations of three linac-mounted CBCT devices where the 
source-to-axis distance (SAD=100 cm) is constant.

Flat Panel Imager (FPI)

The flat-panel imager technology used in CBCT was first 
investigated by Jaffray and Siewerdsen [12] in 2002. This 
technology is based on fabricating 2D matrix of hydrogen-
ated amorphous silicon (a-Si: H) thin-film transistors (TFTs) 
on a large area of scintillating material (Thallium doped 
Caesium Iodide). Such systems (Figure 3) demonstrate 

Figure 2.  Cone beam systems mounted on medical 
linacs: (A) Varian OBI Imaging system 
(courtesy and Copyright ©2007, Varian 
Medical systems, Inc.); (B) Elekta XVI 
system (courtesy and Copyright© 2008, 
Elekta AB (publ)); (C) Siemens MVision 
(courtesy and Copyright© Siemens AG, 
2002–2008) and (D) Mitsubishi VERO 
system (courtesy and Copyright MHI Ltd., 
Tokyo, Japan).

A

C

B

D

CBCT 
devices

Source mounted with 
respect to treatment 

beam at

Source to detector 
distance (SDD) (cm)

Tube 
voltage

Exposure per projection 
(mAs)

Varian OBI 90° 150 30–140 kVp 2*

Elekta XVI 90° 153.6 70–150 kVp 0.1–3.2

Siemens MVision 180° 145 6 MV –

Table 1. Source specifications of gantry-mounted CBCT systems.

* Read-only value, depends on current settings on mA, ms and kV.
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excellent optical coupling efficiency (the efficiency of con-
verting light photons into electrical signals and in readout 
signal) and hence improved imaging is possible with high 
optical absorption, high uniformity over large area and 
high detective quantum efficiency (DQE) of ~60%. The 
Varian imaging system has 2048×1536 pixels, for a total 
physical size of 39.73×29.80 cm2. The system also has an 
anti-scatter grid in front of the scintillator layer. The imag-
er has several readout modes for use in 2D imaging, fluor-
oscopy and CBCT. The mode used for CBCT applications 
is called “Dynamic Gain” and has a 16-bit dynamic range. 
It also groups pixels together in a 2×2 squares acting as 
a 1024×768 array of pixel size 0.0388 cm. The maximum 
frame rate in this mode is 15 frames per second (fps). The 
Elekta imager has a matrix of 1024×1024×16 bits (of phys-
ical size 41×41 cm2) with nominal frame rate of 5.5 fps. 
The imaging performance of FPIs is quantified and the geo-
metric nonidealities in gantry rotation were measured and 
corrected during reconstruction and evaluated using phan-
toms [2,12]. These systems produce images with improved 
soft tissue contrast at acceptable imaging doses. Siemens 
MVision has a detector of size 41×41 cm2 with a volume 
of approximately 27×27×27 cm3 that can be imaged. The 
linac gantry rotates in a continuous 200 arc acquiring one 
portal image for each angle. The block diagram in Figure 4 
shows the procedures involved in CBCT.

CBCT Software – Feldkamp Davis Kress (FDK) Reconstruction

In conventional fan-beam geometry, individual axial slic-
es of the object are sequentially reconstructed to give the 
volumetric data. Filtered Back Projection (FBP) is the most 

widely used reconstruction technique in CT during which 
the projected data, which are the computed attenuation 
values, are convolved with filtering kernels and then back 
projected to build up the image using Fourier Transforms.

In cone-beam geometry, however, 3D volumetric data can 
be directly reconstructed from the two-dimensional projec-
tion data. This is referred to as cone-beam reconstruction. 
The Feldkamp, Davis and Kress (FDK) algorithm is the most 
popular approximate reconstruction technique for cone-
beam projections about a fixed isocenter acquired along a 
circular trajectory [14]. The FDK algorithm is an extension 
of the FBP reconstruction. In this method, the measured 
cone-beam projections are pre-weighted, filtered and final-
ly back projected along the same ray geometry as initially 
used for forward projection [14]. During pre-weighting, the 
angle by which the cone beam plane is tilted with respect 
to central ray is corrected in order to compensate for the 
increased attenuation of photons along the periphery. The 
pre-weighted factor is geometrically interpreted as the 
cosine of the angle (x) between the cone beam ray and the 
central ray (Figure 5) and is calculated as:
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where D is the distance between the source and the center 
of rotation and (s,v) represent the detector coordinates.

If p(s, v, b) is the projection data for the projection angle b, 
then the pre-weighted data convolved with filter h(s) can 
be expressed as: 
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Finally, the pre-weighted projection data for each pro-
jection angle is back projected and then summed up to a 
reconstructed voxel of coordinates (x, y, z) and represented 
as: 
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Where, U (x,y,b) = D + x.sinb – y.cosb
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Figure 3.  Flat-panel detector construction using amorphous-silicon 
TFTs array.
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Figure 4. Procedures in a CBCT system.
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Figure 5. Geometric coordinates of CBCT scan [13].
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Though this algorithm is easy to implement, the projec-
tion data acquired along circular orbits is insufficient for 
exact reconstruction [15]. Furthermore, the implemen-
tation of the Radon transform for discrete data sampling 
instead of continuous and the approximations of line inte-
grals make the algorithm inaccurate for planes away from 
the midplane. As a consequence, cone beam image qual-
ity degrades with increasing cone angles [14], making the 
images more prone to artifacts [16]. This led to the develop-
ment and evaluation of iterative reconstruction algorithms 
by employing several methods such as penalized weighted 
least squares principles [17], optimizing parameters [18] 
and GPU-based algorithm using tight frame regularization 
[19] that facilitate the development of a clinically accept-
able image quality from reduced and noisy CBCT datasets. 
These iterative methods have high computational loads and 
hence are not practical for clinical situations unless a sig-
nificant speed-up of the method can be achieved. Thus at 
present FDK reconstruction remains the most widely used 
algorithm to provide a quick volume image due to its fast 
computation time and reduced artifacts for small cone 
angles.

CBCT Applications in Radiotherapy

The primary use of CBCT on linacs is for IGRT. However, it 
can also be employed for an adaptive radiotherapy as HU 
values are obtained and can be calibrated for the use in 
treatment planning. These applications are discussed below.

CBCT for IGRT

With highly conformal treatment techniques such as 
Intensity Modulated Radiotherapy (IMRT), as well as with 
3D-Conformal Radiation Therapy (3DCRT), an advanced 
imaging modality is required for a precise localization of 
the target and organs at risk. CBCT enables radiation ther-
apists to correct for changes of the target position prior 
to treatment and allows monitoring of complex chang-
es of the patient and tumor anatomy, typically caused 
by patient’s loss of weight and tumor regression (shape/
volume changes). Developments in large area flat-panel 
detectors and computing capacity have made CBCT an 
ideal, and the most common, platform for high precision 
3D IGRT tasks [2] and has begun replacing two-dimen-
sional IGRT in order to verify whether the tumor region 
is encompassed within the planning target volume (PTV) 
throughout the treatment. Thus CBCT as IGRT became a 
popular modality for the verification of patient set-up and 
tumor position [20].

The use of CBCT-based IGRT has improved radiotherapy 
treatment at various treatment sites, such as prostate, lung 
and head and neck [21–23]. CBCT-based IGRT in prostate 
phantom studies has shown high accuracy with residual 
errors <1 mm. However, in clinical situations, the inter-
observer variability was >2 mm for cases without implant-
ed markers. The strategy of daily replanning reduces these 
uncertainties. The advantage of volumetric IGRT over 2D 
techniques results from the fact that it helps evaluate OAR 
geometry. For example, bladder filling enables reduction of 
the dose delivered to OARs and allows significant reduction 
in PTV margin from 8 mm to 4 mm [24].

The practice of CBCT-based IGRT for lung cancer is chal-
lenging because the respiratory motion causes signifi-
cant motion artifacts. CBCT can be used to verify tumor 
motion as a function of respiratory motion when imaging 
lung and abdominal tumors. However, tumor motion must 
be managed based on the individual breathing pattern. 
Several approaches of CBCT-based imaging for lung cancer 
have been practiced. These include Breath-hold technique 
[25,26], slow scanning [27] and respiration-correlated imag-
ing [28,29]. In case of modern CT scanners, gantry rotation 
is fast in relation to the breathing cycle (0.5 s or less). Thus, 
a 3D CT scan can sample different respiratory phases and 
a 4D CT data can be obtained by selecting the slices cor-
responding to a particular breathing phase. However, in 
the case of CBCT, the slow gantry rotation (~1 min/rota-
tion) causes blurring of the moving object within all slic-
es. Nevertheless, respiratory-correlated CBCT provides 
information on tumor motion. This procedure yields 2D 
projections of CBCT that correspond to a certain respira-
tory phase by means of retrospective sorting. These projec-
tions are then reconstructed into a 4D CBCT dataset [28]. 
Thus, 4D CBCT provides information on the 3D trajectory 
of the moving structures and substantially reduces motion 
artifacts in 3D CBCT datasets. Furthermore, it enables 
safe delivery of gated radiotherapy with small treatment 
margins. Methods have been developed to investigate the 
influence of organ motion on 4D CBCT images based on 
phase binning of CBCT projection data [30,31]. Li et al. [30] 
concluded that 4D CBCT images could be produced with-
out increasing the dose to the patient and reliable phase 
binning is possible. The inter- and intra-fractional tumor 
motion in lung cancer as a function of respiration is inves-
tigated [32,33] to evaluate the tumor motion amplitude 
over a course of Stereotactic Body Radiotherapy (SBRT). 
CBCT-based SBRT reported a high two-year local control 
rate of 94% and low toxicity for more than 500 stage I-IIB 
non-small cell lung cancer (NSCLC) patients [34].

For head and neck cases, conventional methods such as 
block or mask-based approaches reduce set-up accuracy. 
CBCT-based IGRT techniques reduce the set-up time sub-
stantially [23] and enable a 50% reduction in Clinical Target 
Volume (CTV) to PTV margins [35] which could facilitate 
dose escalation and/or improved toxicity reduction. Since 
large set-up errors were measured in anatomical subre-
gions [36–38], image registration should be considered to 
provide high set-up accuracy. The rationale for CBCT as 
IGRT is to help reduce set-up errors by tracking the motion 
of an organ and verifying the correction.

CBCT for ART

The precision of dose delivery over a treatment course 
using a single reference, Planning CT (PCT) can be limited 
due to changes in the patient’s anatomy (weight loss) and 
the size/extent of the tumor (tumor shrinkage and displace-
ment). Hence, information about the patient and tumor 
anatomy immediately preceding each treatment fraction 
is of extreme importance for improving therapy outcome. 
Adaptive Radiotherapy (ART) is a technique in which 
treatment prescription parameters, such as field margins 
and number of fractions are modified based on changes 
in tumor anatomy and/or patient anatomy. CBCT has the 

© Pol J Radiol, 2014; 79: 181-193 Srinivasan K. et al. – Applications of linac-mounted kilovoltage…

185



potential to become a useful tool for online ART [39] as it 
helps to localize the position of the tumor in 3D and regis-
ter any changes in the anatomy of the tumor or the patient 
during the treatment. This is done by fusing CBCT images 
with PCT images using image registration algorithms (rigid 
or deformable registration) and evaluating the differences. 
The dose distribution is recalculated, if necessary, using the 
TPS or with software provided with the imaging system. 
Thus, optimal treatment plans can be obtained using CBCT 
scans adaptively.

Several studies have used CBCT datasets for adaptive 
plans to reduce the planning and target margins during the 
course of treatment [8,9,40,41]. The first clinical results of 
CBCT as ART evaluated for prostate cancer were found to 
reduce the PTV margin by 29% on average and the mean 
dose to the anal wall was reduced by 4.8 Gy [9]. The study 
of CBCT as ART for muscle-invasive bladder cancer [8] was 
found to reduce the volume of irradiated healthy tissue by 
29% less than conventional radiotherapy without reduc-
ing the CTV. Hawkins et al. [41] investigated a considerable 
reduction in OAR dose (lungs V20–15.6 Gy vs. 10.2 Gy and 
heart mean dose – 26.9 Gy vs. 20.7 Gy) during treatment of 
esophageal cancer when compared among PTVs generated 

between week 1 and weeks 2 to 6 composite CBCT vol-
umes. A novel re-optimization technique was demonstrated 
for prostate IMRT plans and it was found that a CBCT plan 
solution can be achieved within 2 minutes [42]. Thus, the 
rationale for using CBCT as ART is to account for the daily 
changes in tumor anatomy during dose delivery in order to 
reduce the volume of normal tissue being irradiated and 
reduce dose delivered to organs at risk.

In spite of the increasing use of CBCT for patient set-up 
verification, the relatively poor image quality of CBCT and 
particularly significant variability in Hounsfield Unit val-
ues (HU) poses problems for its use as an effective tool for 
ART. Richter et al. [43] reported that the cone beam geometry 
(large volume of x-ray exposure) and associated scatter radi-
ation can cause variations in HU values of CBCT. This fluc-
tuation in HU values affects the accuracy of dose calculation, 
since the HU values are related to electron density used in 
dose calculation algorithms. One of the biggest challenges in 
calculating the dose on CBCT datasets in practice is the issue 
of limited FOV from CBCT or problems with deformable reg-
istration if calculating on adapted PCT. Table 2 summarizes 
the studies that had investigated the dosimetric accuracy of 
three linac-mounted CBCT devices for ART using different 

CBCT devices Author/
Year

Phantoms/
Patients Regions Phantoms used for 

HU Calibration Methods % dose difference between 
CBCT and PCT plans

Varian OBI Yoo et al. 
(2006) 

4 patients Brain and 
lung

Catphan Direct use of CBCT 
datasets

Brain – 1%; lung-large

Yang et al. 
(2007) 

4 patients Lung and 
prostate

Catphan Bspline deformable 
image registration

Lung-large; prostate 
– <1.5%

Hatton et al. 
(2009) 

Phantom 
study

N/A Catphan 600, 
CIRS model 62, 
Gammex RMI 467

Direct use of CBCT 
datasets

Using Catphan calibration 
1–5%; CIRS – poor; 
Gammex RMI – --

Sriram et al. 
(2010) 

Phantom 
study

Head and 
neck; thorax

Catphan Direct use of CBCT 
datasets

Head and neck – <1%; 
thorax – <3%

Elekta XVI Houser et al. 
(2006) 

Phantom 
study

N/A Gammex RMI 467 With and without 
heterogeneity 
correction

Without correction 
– 1%; with correction for 
nonbolused plans – 14%

van Zijtveld et al. 
(2007) 

5 patients Head and 
neck

-- HU mapping by non-
rigid registration

Head and neck – 1%

Richter et al. 
(2008) 

33 patients Head, thorax 
and pelvis

Catphan Generated HU-
density tables for four 
correction strategies

Head – 1.5±2.5%; 
thorax – 1.8±1.6%;
pelvis – 0.9±0.9%

Siemens 
MVision

Morin et al. 
(2007) 

2 patients Head and 
neck

CIRS model 62 Cupping artefact 
correction applied

Better than 3% and 3 mm 
criteria

Petit et al. 
(2008) 

Phantom 
study

N/A Water cylinders, 
IMRT phantoms, 
Rando head 
phantom

Cupping artefact 
correction applied

Using water phantom 
calibration  – 1%;
IMRT phantoms – 2%;
Rando – --

Petit et al. 
(2010) 

Phantoms 
+ 5 
patients

Thorax 
(lung) and 
abdomen 
(rectum)

Cylindrical water 
phantom with 
missing anatomy 
from PCT

Cupping and truncation 
correction method 
applied

Phantoms – within 1%;
Patients – 3–4%

Table 2. List of studies on dosimetric investigation of CBCT.

-- – data not provided; N/A – not applicable; PCT – planning CT; RMI – Radiation Measurements Inc.
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methods. The results were compared with the conventional 
PCT as a reference. Although studies that investigated CBCT 
for treatment planning displayed good agreement with PCT 
of within 1–3% for phantoms and within 2% for prostate 
patients using deformable image registration, the level of 
accuracy breaks down with changes in patient/phantom size 
[44,45]. Thus, the results cannot be assumed to be the same 
for all volumes of scanned object and hence there is no uni-
formly accepted solution so far. This indicates the need for 
reliable HU calibration curves appropriate for a particular 
treatment site for planning in order to use CBCT potentially 
for ART [44]. This can be achieved by using calibration phan-
toms that closely match the size of the treatment site to be 
scanned (e.g. prostate, H and N).

Concerns in CBCT

The increased use of CBCT in imaging has lead researchers 
to explore patient imaging dose. Cone beam geometry cov-
ers a large field of view in one rotation, which contributes 
to a larger scattered radiation component when compared 
to fan beam CT. The total amount of detected scattered 
radiation in CBCT exceeds the primary radiation leading to 
low HU values in the middle of the reconstructed images. 
This leads to artifacts which impact image quality, such as 
homogeneity, contrast and noise in the reconstructed CBCT 
image. Care should be taken when acquiring CBCT images 
to keep image artifacts to a minimum by selecting optimal 
scanning parameters and carefully positioning and stabi-
lizing the patient. Daily images from CBCT deliver signifi-
cant dose to the patient. Therefore, an accurate knowledge 
of CBCT dosimetry is essential as the use of this modality 
increases. In this section, we discuss the three major con-
cerns in CBCT: artifacts, image quality and patient dose.

Artifacts: Causes and solutions

The most commonly visualized artifacts in CBCT – ring, 
scatter and noise, beam hardening and aliasing are dis-
cussed below.

Ring artifacts

The ring artifact is one of the most common mechanical 
artifacts that occur in CBCT due to miscalibrated or defec-
tive detector elements during the manufacturing pro-
cess. Since cone beam CT uses a 2D flat panel detector, a 

deficient semiconductor array manufacturing process can 
result in corrupted cone beam projections that will affect 
the reconstructed image with ring-like artifacts. They 
appear as a number of dark concentric rings centered on 
the axis of rotation. In order to cover large CBCT volumes, 
the detector is positioned offset to the center of rotation 
(COR). This latter effect causes a transition between the 
central and peripheral regions of the reconstructed volume 
in the FOV and may result in a ring-shaped artifact in the 
axial plane [46]. Figure 6A shows concentric rings in a uni-
form water phantom, which impairs the diagnostic qual-
ity of the image by creating a dark smudge at the center 
of the image. Although the causes of these ring artifacts 
have been determined and methods to suppress them were 
developed [44–49], enhanced reconstruction methods will 
be required in the future to further reduce these artifacts. 
Figure 6B shows the corresponding reconstructed slice of a 
water phantom acquired from a 16-slice fan beam CT scan-
ner (Philips Medical Systems, Cleveland, Ohio, USA) under 
similar scanning conditions for comparison purposes. Since 
the acquisition and formatting of projection data for PCT is 
different from that of CBCT, the reconstructed PCT image 
is free of ring artifacts with enhanced image quality and 
hence the HU uniformity.

Scatter and noise

The CBCT images include a larger amount of scatter when 
compared to fan beam CT. This has been identified as one 
of the major limiting factors for the current image qual-
ity in flat panel-based CBCT [50,51]. The larger contribu-
tion of scatter in CBCT is due to a larger FOV of cone beam 
geometry [52]. This causes the photons to deviate from their 
original path and increase the incident intensity leading to 
artifacts. Scatter is the most severe cause of inhomogene-
ity artifacts, such as cupping artifact, degradation of con-
trast and enhancement of noise in CBCT images. Several 
scatter correction algorithms have been proposed in the 
literature to control these artifacts [53–56]. They can be 
grouped into three categories: scatter reduction techniques, 
measurement-based scatter correction and software-based 
scatter correction. Anti-scatter grids and bow-tie filters are 
the cone beam scatter reduction methods that have been 
adopted so far. The techniques used for the measurement-
based scatter compensation intend to correct for the scatter 
effects either before viewing the projections or by post-pro-
cessing the acquired projections. Finally, the software-based 

Figure 6.  (A) Concentric rings (arrows) seen around 
the axis of rotation in the CBCT image, 
(B) Planning CT image without ring 
artefact.

A B
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scatter correction adopted convolution-based filtering with 
the assumption that the distribution of scatter signal in an 
image is equivalent to a blurred version of primary signal 
distribution. In spite of these methods being developed, 
there is currently no uniformly accepted solution.

Noise is an unwanted signal in an image distributed either 
randomly or non-randomly. Generally, there are two major 
types of noise in x-ray projections: Gaussian (electri-
cal noise) and Poisson noise (quantum noise). The Poisson 
noise (fluctuation of photons exiting the object) in CBCT 
is high because CBCT machines are operated at low tube 
current values for the purpose of dose reduction. Thus the 
signal-to-noise ratio (SNR) is much lower in CBCT than in 
fan beam CT. When images with such low SNR are recon-
structed, inconsistent linear attenuation coefficient val-
ues and hence HU numbers are produced. Therefore, low 
contrast resolution is reduced due to a high noise level [57] 
leading to loss of diagnostic information. Zhu et al. [58] pro-
posed a penalized weighted least-squares algorithm to sup-
press the noise in the CBCT projections following scatter 
correction. The algorithm is shown to improve the CNR on 
Catphan by a factor of 3.6 and reduce the reconstruction 
error in the scatter corrected image from 10.6% to 1.7%. 
However, a practical solution to suppress noise has not yet 
been developed.

Beam hardening

An x-ray beam hardens as the low energy components 
of the polychromatic spectrum suffer from substantial 
attenuation in the center of the object. This would result 
in a decrease in the attenuation values, showing a “cup-
ping artifact”, a dark area at the center of the scanned 
object (as seen in the image of the homogeneous phan-
tom in Figure 7A). The second type of artifact related to 
beam hardening is in the form of dark streaks and bands 
between and around high-density objects in an image, 
when high atomic number and high-density materials are 
in the FOV. Larger FOV of cone beam geometry results in 
recording of high intensity nearly inhomogeneous materials 
in reconstructed images leading to streak artifact (Density 
phantom, Figure 7B). This streak artifact is very similar to 
that caused by scatter radiation. Built-in scanner features 
minimize beam hardening. These features include the use 
of bow-tie filters, calibration of CBCT scanners for differ-
ent tube voltages and utilization of correction algorithms 

[59,60]. The obtained correction factor reduces bands 
between bone structures and reduces cupping artifacts in 
the reconstructed images. Figure 7C shows the correspond-
ing reconstructed slice of a CIRS density phantom acquired 
from fan-beam 16-slice CT scanner (Philips Medical 
Systems, Cleveland, Ohio, USA) under similar scanning con-
ditions for comparison purposes.

Motion and misalignment artifacts

Apart from the above-mentioned routine CBCT artifacts, 
motion and/or misalignment artifacts are also a problem in 
CBCT [46]. The limited linac gantry rotational speed makes 
CBCT images more prone to motion artifacts due to an 
extended acquisition time. In patient scans, the motion of 
the structures during scanning leads to streaks from high-
contrast objects, such as bones and air cavities [61]. The 
blurring [28] or streaking [62] effects due to moving struc-
tures are shown in Figures 8A and 8B, respectively. The large 
physical displacements cause double contours (Figure 8C) on 
the images (“ghost” images). Patient motion artifacts can be 
reduced by using positioning aids and appropriate protocols 
to prevent blurring caused by respiratory motion. A mis-
alignment in the source-to-detector position relative to the 
stationary object causes inconsistencies during the back pro-
jection process leading to blurring of the images. This kind of 
misalignment errors can be minimized by appropriate qual-
ity assurance of the mechanical stability of the systems.

Aliasing artifacts

In cone beam geometry, the number of rays reaching per 
voxel decreases linearly with an increase in the distance of 
the voxel from the source. As a result, voxels that are clos-
est to the source collect more rays than those located near 
the detector. This undersampling of data (large interval 
between projections) by the divergence of the cone beam 
[46] leads to misregistration of information. This results 
in line patterns in CBCT datasets, called aliasing artifacts, 
where lines seem to diverge from the center towards the 
periphery (Figure 9A). Aliasing may also be introduced 
by crude interpolation during backprojection in approxi-
mating the length of the ray that traverses the voxel. 
This artifact is greatly reduced by using more sophisti-
cated projection and backprojection techniques [63,64]. It 
can be further reduced by carrying out a larger number 
of projections per rotation and using a better interpolation 

Figure 7.  (A) a dark smudge (arrows) at the centre of the homogeneous phantom scanned by CBCT, (B) dark streaks around high density inserts 
seen in CBCT scanned density phantom and (C) Planning CT image of density phantom without streaks.

A B C
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method conforming more closely to the physical measure-
ment conditions. However, the need of massive computa-
tional power prevents these methods from being used in 
commercial scanners. Figure 9B shows the corresponding 
reconstructed slice of phantom acquired from fan beam 
16-slice CT scanner (Philips Medical Systems, Cleveland, 
Ohio, USA) under similar scanning conditions for compari-
son purposes.

Crescent artifact

CBCT images from the Varian OBI exhibit a crescent-
shaped artifact (Figure 10A), which is very prominent in 
homogeneous objects scanned using the full-fan mode 
of acquisition. The artifact consists of a dark and bright 

crescents located on the opposite sides of a circle around 
the isocenter. These crescents cause a CT number variation 
of up to ±100 HU, which would lead to erroneous dose val-
ues when used for treatment planning. As per Varian OBI 
reference guide, these artifacts are most likely to occur due 
to minor mechanical instabilities, such as a small tilt of the 
x-ray tube assembly or a shift of a focal spot. Figure 10B 
shows the corresponding reconstructed slice of phantom 
acquired from a fan beam CT scanner (Philips Medical 
Systems, Cleveland, Ohio, USA) under similar scanning con-
ditions for comparison purposes.

In general, many technical developments are in progress in 
order to reduce these cone beam artifacts. As most of the 
errors occur during reconstruction, an effective approach 

Figure 8.  (A) Blurring induced by breathing motion, (B) streaks induced from the movement of bowel gas and (C) double contours induced by 
patient movement during cone beam acquisition process.

A B C

Figure 9.  (A) Typical aliasing patterns (arrows) in 
CBCT datasets; (B) without aliasing in 
Planning CT image.

A B

Figure 10.  (A) Opposing dark and bright crescents 
seen on CBCT datasets of homogeneous 
phantom and (B) Planning CT image 
without crescents.

A B
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to avoid these artifacts is by using sophisticated algorithms 
that account for large FOV volumes. The use of Iterative 
reconstruction techniques that can handle more complex 
models and accommodate assumptions regarding the sta-
tistical fluctuation of the acquired projections could greatly 
reduce the artifacts and provide cone beam reconstructions 

with improved noise characteristics. However, iterative 
methods take hours to complete as compared to a few min-
utes for FDK. Thus, the clinical use of iterative reconstruc-
tions can be feasible only by increasing the computational 
speed to the order of a minute.

Table 3. Dose studies based on Varian OBI and Elekta XVI.

Studies Author/
year Phantoms # 

Patients
Dose 

measurements
Dose 

calculations Dose measured (cGy) Conclusion

Varian OBI Ning et al.
(2007)

Rando 
phantom

7 
prostate 
cases

TLDs -- Phantoms: 10–11 cGy 
(left hip); 6–7 cGy (right 
hip)
Patients: 3–6 cGy (AP); 
4 cGy (left lateral); 
2.6 cGY(right lateral)

Investigated for pelvis 
protocol and found that 
left lateral dose is 40% 
higher than right lateral 
dose

Song et al.
(2008)

Uniform acrylic 
phantoms 
(18 cm and 30 
cm diameter)

-- 0.6 cc farmer 
ion chamber

Weighted 
– CTDI 
equations

8.5±0.12 (HS); 
4.1±0.09 (BS)

Average dose from 
1.1–8.3 cGy is received 
with highest measured for 
full-fan mode

Kan et al. 
(2008)

Female
Anthro-
pomorphic
phantom

-- TLDs -- 3.8–5.9 (HS) with 
exclusion of higher 
doses to thyroid (11.1), 
skin (6.7), lens (6.2); 
3.8–6.2 (BS)

CBCT imaging increase 
secondary cancer risk by 
2–4%

Ding et al.
(2008)

RSVP head 
and pelvis 
phantoms

3 Thimble ion 
chamber 
(0.13 cc)

Monte Carlo 
simulation

Phantoms: 7.92 (HS); 
4.33 (BS)
Patient: --

Integral dose from CBCT 
imaging is significant

Kim et al. 
(2008)

Head (16 cm)
Body phantoms 
(32 cm)

-- TLDs Weighted-
CTDI 
equations

9.74±0.52 (HS)
2.53±0.06 (BS)

CBCT dose level could 
increase the secondary 
cancer risk

Ding et al.
(2009)

-- 8 (5 – 
adults; 
3 – 
child 
– CT 
images)

-- Monte Carlo
(VMCBC 
algorithm)

Adult: 5 (Br); 18 (CV); 
3 (Pr); 7 (F)
Child: 6 (Br); 23(CV); 
7 (Pr); 17 (F)

Dose from full-fan mode 
is 10–20% less than half-
fan mode

Palm et al.
(2010)

Alderson 
phantom, CTDI 
body phantom

-- TLDs;
CT Dose Profiler 
(CTDP)

-- Alderson (TLD): 
4.65–5.12 (HS); 
3.05–3.18 (BS)
CTDI body phantom: 
2.14 (TLD); 1.90 (CTDP)

Imaging doses are 
significantly lower in 
Varian OBI v1.4 version 
which has dose-saving 
improvements in CBCT 
modes compared to OBI 
v1.3

Elekta XVI Islam 
et al.
(2006)

Water phantom -- 0.6 cc farmer 
ion chamber, 
MOSFET

-- 23–29 (H)
18–23 (B)

Employ low kVp and small 
FOV to reduce patient dose

Amer
et al.
(2007)

Rando 
phantom, 
Standard CTDI 
phantom

9 TLDs; 0.125cc 
Ion chambers

ImPACT 
CT patient 
dosimetry 
calculator

3 (H); 15 (L); 35 (P) Develop low dose CBCT 
techniques to reduce 
imaging dose

Downes 
et al. 
(2009)

Plastic 
phantom

3 NE 2571 farmer 
IC

Monte Carlo 
simulation

50 (H); 20–25 (B) Dose to bone is 2–3 times 
higher than tissues

H – head; B – body; L – lungs; P – pelvis; HS – head scan; BS – body scan; Br – brain; CV – cervical vertebrae; Pr – prostate; F – femoral head; 
-- – no data; VMCBC – Vanderbilt-Monte-Carlo-Beam-Calibration; RSVP – radiosurgery verification phantoms.
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Image quality

Cone beam CTs are used to assess patient positioning at the 
time of treatment through image registration. Therefore, 
image quality parameters of these devices, such as high-
contrast resolution, low-contrast resolution, contrast-
to-noise ratio, image uniformity and noise, are of great 
importance. Current CBCT systems have limitations due to 
image resolution and sensitivity of the detector. Projection 
geometry [65] is also an issue because of the lower num-
ber of cone beam projections from circular orbits and from 
approximations used in the reconstruction algorithm. The 
smaller number of projections from a circular orbit in the 
cone beam geometry is insufficient for an accurate recon-
struction of the volume. Furthermore, due to computa-
tional limitations, all currently available CBCT machines 
make use of a FDK reconstruction algorithm, which simply 
approximates the line integral without computing the origi-
nal distance that the ray traverses between the source and 
the detector.

Although the kV CBCT technique is clinically well-estab-
lished, intensified scatter artifacts lower image quality 
and hence the diagnostic information. Image quality stud-
ies [66,67] for the different CBCT acquisition modes have 
been performed to find parameters that diminish image 
quality. A comprehensive study of the relation between the 
dose and image quality in low-dose CBCT [68] showed that 
72.8 mAs is a safe dose level for visualizing low-contrast 
objects, while 12.2 total mAs is sufficient for detecting 
high-contrast objects of diameter >3 mm. Therefore, CBCT 
image quality acts as a potential limiting factor in terms of 
patient dose.

Dose accumulation

The potential use of CBCT as a highly accurate online 
image guidance tool would subject the patients to a sub-
stantial dose accumulation. Currently, the dose from CBCT 
imaging is not taken into account in the process of treat-
ment planning. Table 3 summarizes studies that reported 
on Varian and Elekta CBCT dose using the Rando anthropo-
morphic phantom and several other phantoms and validat-
ed the results using simulation techniques. These studies 
investigated CBCT dose delivered to several organs utiliz-
ing default head and body protocols of Varian and Elekta; 
they reported that the use of CBCT for daily imaging would 
result in considerable dose leading to an increased risk of 
secondary cancers. Therefore, in order to prevent the del-
eterious effects of these additional doses, it is essential to 
quantify the dose from CBCT imaging for patients under-
going therapy by physical measurements and evaluate 
it by simulating the CBCT spectrum along with a virtual 
human phantom using Monte Carlo techniques. Kan et al. 
[69] compared the effective patient doses for Varian CBCT 
and fan beam CT, and found that in the standard mode (125 
kVp, 80 mA, 25 ms, 150 cm SID) there is a significant dif-
ference in the effective dose delivered to the patient. The 
results were also higher when compared to Elekta’s XVI 
showing the variation among CBCT devices. In 2010, Hyer 
et al. [70] studied organ and effective dose of both Varian 
OBI and Elekta XVI systems with factory installed proto-
cols for the head, chest and pelvis using an in-house adult 

male anthropomorphic phantom. With an in-house fiberop-
tic-coupled dosimetry system, the doses to several organs 
and tissues were measured and basic image quality metrics 
were evaluated. They reported that Varian exhibits supe-
rior image quality (8 lp/cm resolution for head scan and 4 
mm low contrast detectability for chest and pelvis scans), 
but yields higher doses for the head (effective dose 0.12 
msV) and pelvis scans (effective dose 4.34 msV) compared 
to Elekta XVI (effective dose for head scan 0.04 msV and 
pelvis scan 3.73msV).

It is widely accepted that CBCT imaging delivers a signifi-
cantly higher dose to the patients (Table 3) than fan-beam 
CT. With the daily CBCT imaging for 30 treatment frac-
tions, organ doses in some cases, such as the testes, exceed 
1 Gy [70] and would reach their tolerance dose limits before 
the inclusion of treatment beam. Choosing an appropri-
ate protocol suited for a clinical task is one of the sim-
plest means of patient dose reduction. For example, in a 
head and neck study, where positioning can be done using 
bony anatomy, the need for soft tissue contrast is often 
not required. As a result, one can opt for a low-dose CBCT 
mode that is sufficient for positioning [69,71]. However, if 
the study requires soft tissue contrast, then higher CBCT 
doses will be delivered. Further reducing x-ray tube cur-
rent (mA) or pulse width settings (ms) just before an indi-
vidual patient is scanned would result in a reduction of 
the dose below the default settings while sacrificing image 
quality to some degree. Studies are being conducted to 
determine measures to reduce the CBCT dose as much as 
possible in order to set up image guidance regimens that 
are more effective and efficient [72].

Summary and Conclusions

CBCT has three main clinical roles: verifying patient posi-
tioning/setup, localization of tumors and tracking of tumor 
changes during the course of treatment. Nonetheless, there 
are concerns regarding the clinical use of CBCT, mainly 
related to the increased scatter contribution, the imag-
ing artifacts and an overall image quality. Hardware and 
software components of CBCT are still being developed to 
address these issues and improve image quality and HU 
accuracy of CBCT datasets in dose calculations.

Although there are a number of potential advantages of 
CBCT, including image guidance, dose guidance and ready 
availability on almost every Linacs, real-time imaging 
is still a challenge as adaptations to complex deformities 
are difficult. The use of CBCT in IGRT has facilitated the 
enhancement of radiation treatment by providing accurate 
spatial information of patient position. However, various 
studies have reported on the dose from CBCT (see Table 3) 
revealing the risks of secondary cancer. This has led to fur-
ther developments in CBCT scanning protocols that could 
lower the dose at the expense of compromising the spatial 
resolution. The use of CBCT as IGRT helps reduce the expo-
sure of healthy tissue, although the dose delivered to the 
patients is significantly higher than that of fan beam CT.

CBCT increases the dose delivered not only to the tumor 
but also to the healthy tissues. The additional dose deliv-
ered to the healthy tissues and critical organs near the 
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target could result in a 2–4% increase in the risk of a sec-
ondary cancer [69], because those organs may already be 
approaching the tolerance level from the treatment beam. 
Apart from this, the dose delivered to the bones is extreme-
ly high due to the dominance of the photoelectric effect, 
which rises with increasing atomic number in this energy 
range. Further increase in the dose delivered to the bone 
marrow may cause severe bone marrow suppression. Many 
solutions aimed at reduction of organ dose from CBCT are 
in practice. They include limiting the number of scans, 
imaging at reduced kVp, mA and ms techniques and reduc-
ing the volume to be imaged.

Recently, the role of CBCT in ART has become a focus of 
research. ART accounts for any anatomical changes that 
cause tumor drift based on image guidance. Many current 
studies focus on CBCT for intra-fractional tumor motion 
[33,73], especially in lung, prostate and bladder tumors 
[8,40,74]. The use of CBCT in ART requires a non-rigid reg-
istration of two image datasets, unlike the IGRT, which is 
based on rigid body alignment. This has led to the need of 
deformable image registration tools. Although these tools 
are readily available, they only provide an interim solu-
tion, as one of the key factors for an effective deformable 

image algorithm is image quality. Dose-guided radiotherapy 
(DGRT) is an extension of ART where the treatment modi-
fication is based on the dose distribution rather than the 
images used for IGRT. This provides three-fold benefits in 
the entire chain of the radiotherapy procedure. DGRT helps 
monitor the dose (by in-vivo dosimetry) and modifies it 
prior to treatment delivery, facilitating the assessment of 
dosimetric impact of anatomical changes. The time to modi-
fy the treatment plan or replan is determined by comparing 
the actual dose (by dose reconstruction using pre-treatment 
CBCT images) and the desired dose distribution maps before 
the dose delivery [75]. Thus, DGRT helps improve the con-
formality and accuracy of the treatment. Since a major con-
cern for improving radiotherapy is the dose conformality, 
the use of CBCT in DGRT during irradiation is becoming 
one of the most vital research areas in radiotherapy.

In conclusion, CBCT with its effective image guidance and 
potential in the future for dose guidance is able to account 
for the dosimetric impact due to anatomical changes. 
Furthermore, with improved HU uniformity, CBCT datasets 
could be directly used for treatment planning without the 
need for a planning CT. CBCT is likely to continue as an 
essential technique in image-guided radiation therapy.
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