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Objectives of the course

• Basics of radioprotection

• Imaging systems in radiotherapy
– Description of the systems
– Dosimetry
– Advantages and disadvantages of the systems
– Quality assurance

• Proton therapy
– Generalities on proton therapy
– Elements of the physics of nuclear reactions
– State of the art of neutron dosimetry in patients
– Considerations on the shielding of proton therapy devices
– Problem of activation
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Course notes

• These slides

• Chapter 10 of IAEA recommendations of QA for imaging systems 
(only the main principles: what do we need to check? For which 
reasons?)

• Physics of proton therapy

• For information: papers on proton therapy shielding
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Basics of radioprotection

• Radiations do damage

21
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Basics of radioprotection

• Radiations do damage

17

A: linear extrapolation
B: linear-quadratic extrapolation
C: linear extrapolation with threshold
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Basics quantities

• The physical dose

• The equivalent dose in radiation protection 

• The effective dose in radiation protection



Absorbed dose

Expressed in the unit Gray [Gy]

In comparison:
“To rise the temperature of water by 
1 °C, requires an energy of 4200 J/kg 
(Cp of water)”

“In typical radiotherapy treatments,
radiation doses are delivered in the
range of 8 J/kg to 80 J/kg”

7
From T. Depuydt



Insufficiencies of the absorbed dose as a surrogate for 
biological effects
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The effect of radiations is not linked only to the dose

Other features play a role, e.g. the density of ionizations 

Thus, we introduce other quantities to scale the physical dose, according to the 
biological effects of radiations. 

In radiotherapy, we use the so-called Relative Biological Effectiveness (RBE) --> leads 
to the concept of biological dose (in Gy)

In radioprotection, we use the equivalent dose. It is expressed in Sievert (Sv)



Different particles do not cause the same damage to DNA for 
the same energy absorbed
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DNA effects of ionizing radiations 



Different particles do not cause the same damage to DNA for 
the same energy absorbed
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Low-LET tracks
in cell nucleus

e.g from x-rays

High-LET tracks
in cell nucleus
e.g α-particles

A dose of 1 Gy
corresponds to

~1000 tracks

A dose of 1 Gy
corresponds to

~4 tracks ~1µm

FIGURE 7.14
Particle track structure for low-LET radiation (upper picture) and for a-particles (lower picture). The circles represent
the size of the nucleus of a typical mammalian cell. The tortuous nature of the (low-LET) secondary electron tracks are
in complete contrast to the high-LET particles, of which only around four are required to deposit a dose of 1 Gy in that
small volume. (From Goodhead, D. T., Health Phys., 55, 231–240, 1988. With permission.)
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Dose (Gy)
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2.5 MeV a−particles
4 MeV a−particles
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26 MeV a−particles
3 MeV deuterons
14.9 MeV deuterons 
250 kVp x−rays

165 keV/µ
110 keV/µ
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FIGURE 7.15
Surviving fraction measured in vitro for human kidney cells exposed to radiations with a wide range of (mean) LET.
(From Barendsen, G. W., Curr. Top. Radiat. Res. Q., 4, 293–356, 1968. With permission.)
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Photons: low energy 
released per track

Alpha, Carbon ions…: 
more energy released per 

“track”

LET: linear energy transfer 
è Density of ionizations along a 
particle track



Concept of equivalent dose in radiation protection
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Equivalent dose = absorbed dose * radiation weighting factor (𝑊!) in Sievert (Sv). 

Type Energy range 𝑊!

Photons, electrons all 1

Neutrons < 1 MeV 2.5 + 18.2exp[-(ln(E))2/6]

1 MeV - 50 MeV 5.0 + 17.0exp[-(ln(2E))2/6]

> 50 MeV 2.5 + 3.25exp[-(ln(0.04E))2/6]

Protons 2

Alpha, fission fragments,
heavy nucleai (Carbon)

all 20



Insufficiencies of the equivalent dose as a 
surrogate for the risk of biological effects
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The risk of developing a secondary cancer (or genetical mutation) will depend on the 
equivalent dose but also on the type of organ irradiated

In order to make comparable a given equivalent dose delivered to one organ to another 
dose delivered to another organ, we introduce the concept of effective dose

Effective dose = ∑"𝐷#$%* 𝑊!* tissue weighting factor (𝑊")  in Sievert (Sv)
Where T loops over all tissues

Tissue or organ 𝑊𝐓

Gonads 0.08

Bone Marrow 0.12

Colon 0.12

Breast 0.12

Skin 0.01



Imaging systems in radiotherapy

Prof. Edmond Sterpin
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The RT 
problem

Imaging 
systems

Image 
quantif. QA Proton 

therapy
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Treatment 
delivery

RT workflow

From K. Souris



CT scanner
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Dose
quantifies the amount of 

energy deposited 

by the radiations per 

unit of mass 

(expressed in Gy).

Dose prescription
for the tumor:
60 Gy

Lung limit:
Mean dose < 20 Gy

Spinal cord limit:
Max dose < 50 Gy

20

Imaging

Contouring
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Treatment 
delivery

RT workflow

From K. Souris



Optimization of the treatment plan
to deliver an optimal dose distribution, 
conform to the prescriptions
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Treatment 
delivery

Treatment plan evaluation

Measurements

RT workflow

From K. Souris



The treatment is delivered in multiple fractions
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Imaging

Contouring
&

Prescription

Where radiotherapy medical physics kicks in

Treatment 
optimization

Treatment 
verification

Treatment 
delivery

This process must work!

And with accuracy!



The deal of RT
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Improved ballistics

Better choice of particles

Differential radiobiological 
effects

We can also impact tumor 
control curve (radiosensitization)

From T. Depuydt
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Patient changes

From V. Grégoire

PRE-R Week 3 Week 5



28

Patient is still alive…

Primary lung tumor Mediastinal lymph nodes

Motion is a major source of 
geometric uncertainty

From X. Geets
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The impact can be catastrophic, especially in PT

From Lomax (2006)

Day	0 Day	35



Ensuring tumor local control in the presence of uncertainties

In radiotherapy, we use margins to ensure adequate irradiation of tumour cells. 
These margins include, among others, geometrical uncertainties (uncertainties 
on the position of the tumor)

The larger the margin, the smaller the therapeutic window

More imaging à reduced margins, reduced doses to healthy tissues, increased 
therapeutic window

But…

• Additional workload

• Additional doses from the imaging system itself
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The RT 
problem

Imaging 
systems

Image 
quantif. QA Proton 

therapy



Fan KV beam CT scanner
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Simulation CT scan for contouring 
and treatment planning

CT on-rails for precise positioning and/or 
replanning strategies

Fan KV beam CT scanner is the gold standard for image 
quantification and conservation of physical distances



Fan MV beam CT scanner (embedded in RT treatment unit)
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Flat panel 2D imagers (using MV beam)
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MV CBCT
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Basic Characteristics
of MV CBCT

 Half rotation: 200 degrees

 Acquisition ~ 45 seconds

 Acquisition + Reconstruction < 2 min.

 27 cm x 27 cm x 27 cm Field of View

 Volume of 256 x 256 x 270

 Pixel size (0.5 mm)3

 Typical dose: 2 to 9 cGy

 Accurate Electron Density

AAPM 2007, Session: CE: Daily Localization -  MVCBCT,  Jean Pouliot - U.C.S.F.



KV CBCT
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kV source



Rough comparison of imaging systems
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kV MV
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FBCT and CBCT principles
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Fan beam
1D detector
Volume acquired with multiple 
rotations (helicoïdal acquisition)

Cone beam
2D detector
Volume acquired in one rotation



CBCT issues
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Scatter to primary ratio
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Reduced field-of-view in CBCT systems
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Increase field-of-view

42



Increase field-of-view
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Increase field-of-view
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Fan beam KVCT vs Cone beam KVCT
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evaluation full-circle to apply qualitative analysis to actual images taken by the two competing

systems. The images in Figure 2 were taken with an anthropomorphic head phantom by

Elstrøm, et al. [1]. The CBCT images (b)-(f) show a greater presence of crescent artifact in the

neck, as well as streaking throughout the image compared to the minimal artifacts with FBCT.

FIGURE 2: Anthropomorphic Head Phantom

Reconstructed anthropomorphic head phantom images taken by (a) CT (b)-(f) OBI CBCT. From

left to right on CBCT: SDH, SDHFS, HQH, HQHFS, and OBI13FS reconstructions [1].

Figure 3 shows clinical examples of CBCT and FBCT images in axial and sagittal orientation for

a head and neck IGRT case. As seen, the FBCT image is more anatomically revealing and clear.

From these reconstructed images, it appears that fan beam CT systems produce better

defined and more anatomically correct images compared to the cone beam CT systems.
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Abstract

A comparison of image quality and dose delivered between two differing computed tomography

(CT) imaging modalities—fan beam and cone beam—was performed. A literature review of

quantitative analyses for various image quality aspects such as uniformity, signal-to-noise

ratio, artifact presence, spatial resolution, modulation transfer function (MTF), and low

contrast resolution was generated. With these aspects quantified, cone beam computed

tomography (CBCT) shows a superior spatial resolution to that of fan beam, while fan beam

shows a greater ability to produce clear and anatomically correct images with better soft tissue

differentiation. The results indicate that fan beam CT produces superior images to that of on-

board imaging (OBI) cone beam CT systems, while providing a considerably less dose to the

patient.

Categories: Medical Physics, Radiation Oncology

Keywords: cbct, fbct, fan beam, image quality, dose, uniformity

Introduction And Background

Purpose

The purpose of this paper is to review and compare cone beam CT (CBCT) and fan beam CT

(FBCT) and their respective image quality. Better image quality will improve visualization of

anatomical detail, increase ability to diagnose disease, and improve accuracy of the image

guidance process during radiotherapy. Previous studies by Elstrøm, et al.
 
and Garayoa, et al.

 
laid

the foundation for this work [1-2]. These studies implemented various imaging protocols with

both FBCT and CBCT and quantitatively analyzed different aspects of the images. Under

clinical pelvis and head and neck protocols, numerous scan modes were implemented. The

images were then assessed for various image quality parameters to determine which modalities

produced the more desirable images. The images produced by FBCT were shown to be of

superior quality in clarity, uniformity, anatomical accuracy, low contrast resolution, and

delivery of a lower dose to the patient. The following analysis of the literature leads to the

conclusion that FBCT is more desirable for in vivo imaging.

Background

In 1971, the first prototype computer assisted tomography (CAT) scanner was installed in a

1 2

 
Open Access Review

Article  DOI: 10.7759/cureus.778

How to cite this article

Lechuga L, Weidlich G A. (September 12, 2016) Cone Beam CT vs. Fan Beam CT: A Comparison of

Image Quality and Dose Delivered Between Two Differing CT Imaging Modalities. Cureus 8(9): e778. DOI

10.7759/cureus.778



Comparison of imaging systems

46

287  Held et al.: Comparison of on-board imaging systems 287

Journal of Applied Clinical Medical Physics, Vol. 17, No. 2, 2016

Imaging dose for the TomoTherapy could possibly be lowered by using a 3 mm pitch instead 
of 2 mm. Reducing the MUs per MV CBCT acquisition on the Artiste may also be possible, 
if requested. However, in both cases, it is important to ensure this would not affect the IVDC. 

In case of the VersaHD and Artiste, the IVDCs obtained were dependent on the image 
protocol and object size. The TomoTherapy and TrueBeam systems produced spatially stable 
image values regardless of these two factors. For the Artiste, all image value to density calibra-
tions have been tested for stability over time before clinical implementation. This remains to 
be done for all other systems.

Although the contrast to noise ratio and spatial resolution for Artiste images were about a 
tenth and a third less than that of kV CT images, respectively, MV CBCT images were still 
adequate for simple treatment plan dose calculation. Overall, this study on water and anthro-
pomorphic phantoms showed that image acquisition on all four on-board imaging systems 
provided acceptable dose calculation accuracy for simple treatment plans of single or opposed 
beams in case of head, head and neck, and pelvis treatments.  Prescription 1 revealed areas of 
local dose differences of up to 5% within the phantom, showing the largest dose differences in 
MV CBCT-based treatment plans. Local differences of more than 5% were observed only on 
the field edges, irrespective of the field size. Our recommendation based on these observations 
is that areas of relative differences > 5% should be avoided when choosing a prescription point. 

Prescription 2 was used as an additional test to determine the overall difference in treat-
ment plans. Based on a dose prescription to a point at mid-plane, the total number of MUs was 
within the objective of ± 5% relative to the kV CT-based plan for all imaging machines and all 
treatment sites. In the end, this would be the difference in delivered dose for these treatments. 
Nevertheless, knowledge of where dose calculation may be less accurate was important to cor-
rectly prescribe the treatment dose and make judgments regarding dose distribution.

With this accuracy, all treatment fractions could be delivered using this setup and treatment 
plan. However, this should be decided on a case-by-case basis, taking into account patient-
specific factors and treatment plan details.  

Figure 5 shows a CT slice of the phantoms used in Setups 3 to 5, which were acquired using 
each of the linac’s on-board imaging system. In comparison, Fig. 6 is a collection of patient 
images. These images demonstrate that the phantoms used provided good representation of 
 realistic image quality. Many of the image artifacts could be observed in phantom as well 

Fig. 5. CT images of the phantom used in Setup 3, 4, and 5.

a Corresponding author: Olivier Morin, Department of Radiation Oncology, University of California San Francisco, 
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Assessment of image quality and dose calculation 
accuracy on kV CBCT, MV CBCT, and MV CT images  
for urgent palliative radiotherapy treatments 
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A clinical workflow was developed for urgent palliative radiotherapy treatments 
that integrates patient simulation, planning, quality assurance, and treatment in one 
30-minute session. This has been successfully tested and implemented clinically 
on a linac with MV CBCT capabilities. To make this approach available to all clin-
ics equipped with common imaging systems, dose calculation accuracy based on 
treatment sites was assessed for other imaging units. We evaluated the feasibility of 
palliative treatment planning using on-board imaging with respect to image qual-
ity and technical challenges. The purpose was to test multiple systems using their 
commercial setup, disregarding any additional in-house development. kV CT, kV 
CBCT, MV CBCT, and MV CT images of water and anthropomorphic phantoms 
were acquired on five different imaging units (Philips MX8000 CT Scanner, and 
Varian TrueBeam, Elekta VersaHD, Siemens Artiste, and Accuray Tomotherapy 
linacs). Image quality (noise, contrast, uniformity, spatial resolution) was evalu-
ated and compared across all machines. Using individual image value to density 
calibrations, dose calculation accuracies for simple treatment plans were assessed 
for the same phantom images. Finally, image artifacts on clinical patient images 
were evaluated and compared among the machines. Image contrast to visualize 
bony anatomy was sufficient on all machines. Despite a high noise level and low 
contrast, MV CT images provided the most accurate treatment plans relative to kV 
CT-based planning. Spatial resolution was poorest for MV CBCT, but did not limit 
the visualization of small anatomical structures. A comparison of treatment plans 
showed that monitor units calculated based on a prescription point were within 5% 
difference relative to kV CT-based plans for all machines and all studied treatment 
sites (brain, neck, and pelvis). Local dose differences > 5% were found near the 
phantom edges. The gamma index for 3%/3 mm criteria was ≥ 95% in most cases. 
Best dose calculation results were obtained when the treatment isocenter was near 
the image isocenter for all machines. A large field of view and immediate image 
export to the treatment planning system were essential for a smooth workflow and 
were not provided on all devices. Based on this phantom study, image quality of 
the studied kV CBCT, MV CBCT, and MV CT on-board imaging devices was 
sufficient for treatment planning in all tested cases. Treatment plans provided dose 
calculation accuracies within an acceptable range for simple, urgently planned pal-
liative treatments. However, dose calculation accuracy was compromised towards 
the edges of an image. Feasibility for clinical implementation should be assessed 
separately and may be complicated by machine specific features. Image artifacts 
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by any means of the non-invasive method.4 Also; 
the daily changes in human body alter the soft tis-
sue landscapes within a patient’s anatomy, which 
further result in more gradual changes in target 
and other related structures during the course of 
the radiation therapy.

Mega voltage CT (MVCT) imaging on 
TomoTherapy Hi-ART (TomoTherapy Inc. 
Madison, WI) machine, mega voltage and kilovolt-
age cone beam computerized tomography (CBCT) 
on Varian linear accelerator with mobile C-arm kil-
ovoltage imager are often used to keep track of the 
anatomical changes, taking place during the treat-
ment. This raises the probability of dose conforma-
tion in the target region and decreases the severity 
of side effects. For some cases, acquiring electronic 
portal images frequently, prior to delivery of each 
fraction usually does the assessment of positional 
changes and registering these images with digit-
ally reconstructed CT data.5 Corrections are made 
on the basis of the significance of differences. But 
the simple translation cannot capture the full ex-
tent of anatomic changes, as organs are not rigid. 
The actual deformation depends on the changes in 
shape as well as location of the OAR or target and 
hence is 3-dimensional (3D) in nature. The changes 
are thus not fully accessible with the simple trans-
lation. 

CBCT adequately provides the volumetric data 
of target and surrounding anatomical structures 
(bones and soft tissue).6-8 The 3D kV CBCT systems 
are extensively used in IGRT for patient setup, 
visualization and localization. Multiple vendors 

have installed on board imagers using kV X-ray 
on linear accelerators. Onboard imager helps to 
resolve the critical aspects of IMRT such as patient 
setup and target localization.9 A CBCT image of 
the patient can be acquired in about 60 seconds 
just before the delivery of each treatment fraction. 
The CBCT using a kilovoltage imaging system 
mounted on a linear accelerator has emerged as 
a significant technique for realising the soft tissue 
registration.10 Presently, adaptive planning is fre-
quently done on MVCT and kV-CBCT images to 
conform the dose distribution and dose coverage 
to the target and OAR due to significant weight 
loss during the treatment, shrinkage in tumor or 
re-growth of the tumor volume. For any sort of the 
adaptive planning, it is important to make use of 
correct parameters like image set and CT to densi-
ty table.11 Doing adaptive planning on the regular 
basis requires a routine check of the machine’s CT 
to density curve. The changes in the CT to density 
curve are introduced due to the variation in the 
Hounsfield number (HU) or CT number. Richter 
et al. (2008) have studied that the mean difference 
of 564 HU ± 377 HU was observed in the CT val-
ues of the CBCT image and CT image. Thus, it be-
comes important to check for the stability of the 
CT to density curve and its effect on the planning. 
Also, for the adaptive planning, it is important to 
have a good images quality. Figure 1 shows that 
for soft tissues, the kV CBCT images are superior 
to the MVCT images, thus making re-contouring 
is easier on kVCT images. The adaptive radiother-
apy treatment is practically helpful. Real time in-

FIGURE 1. (A) kVCT, (B) kV CBCT and (C) MVCT images in transverse view are represented. As seen in figure the soft tissues contrast is better for kV CBCT 
images in comparison to MVCT image.

A B C

Fan beam 
KVCT

Cone beam 
KVCT

Fan beam 
MVCT
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Background. We have analyzed the stability of CT to density curve of kilovoltage cone-beam computerized tom-
ography (kV CBCT) imaging modality over the period of six months. We also, investigated the viability of using image 
value to density table (IVDT) generated at different time, for adaptive radiotherapy treatment planning. The conse-
quences of target volume change and the efficacy of kV CBCT for adaptive planning issues is investigated. 
Materials and methods. Standard electron density phantom was used to establish CT to electron density calibra-
tions curve. The CT to density curve for the CBCT images were observed for the period of six months. The kV CBCT 
scans used for adaptive planning was acquired with an on-board imager system mounted on a “Trilogy” linear ac-
celerator. kV CBCT images were acquired for daily setup registration. The effect of variations in CT to density curve 
was studied on two clinical cases: prostate and lung. 
Results. The soft tissue contouring is superior in kV CBCT scans in comparison to mega voltage CT (MVCT) scans. The 
CT to density curve for the CBCT images was found steady over six months. Due to difficulty in attaining the reproduc-
ibility in daily setup for the prostate treatment, there is a day-to-day difference in dose to the rectum and bladder. 
Conclusions. There is no need for generating a new CT to density curve for the adaptive planning on the kV CBCT 
images. Also, it is viable to perform the adaptive planning to check the dose to target and organ at risk (OAR) without 
performing a new kV CT scan, which will reduce the dose to the patient.

Key words: cone-beam computerized tomography, kV CBCT; CT to density table; electron density phantom; adap-
tive planning

Introduction

The ultimate goal of radiotherapy is to deliver a 
sufficient dose to the target (tumor) region while 
sparing the healthy tissues around target so that 
successful target cell killing can be achieved with 
minimum toxicity to the organ at risk (OAR). 
Limited patient motion also helps to assure that the 
dose delivered during the treatment is close to the 
dose computed on initial kVCT images used for the 
treatment planning. Modern irradiation techniques 
such as stereotactic radiation and intensity-modu-
lated radiotherapy (IMRT) are capable of generat-

ing the complex dose distribution with high dose 
areas firmly conformed to the target volume.1-3 The 
sparing of surrounding normal tissue is efficiently 
achieved if the patient is accurately positioned on 
the treatment table with respect to the imaging 
setup. To achieve this, imaging has become an im-
portant tool in radiotherapy treatment procedures 
specifically in the image guided radiation therapy 
(IGRT) and the adaptive radiation therapy. The 
development of body cast and head mask sys-
tem has provided a non-invasive patient fixation. 
However, the interfractional and intrafractional 
anatomy change of the patient cannot be detected 
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stabilize the spinal column after a laminectomy, which is usually part of the treatment course 
for spinal tumors prior to radiation treatment. The radiation target volume is commonly located 
within or adjacent to the metal implant, of which the CT-artifacts render the delineation of the 
target and OARs extremely challenging. Streak artifacts may occupy the regions surrounding 
the implants and extend along multiple CT slices. Speci!cally when laminectomy of multiple 
vertebrae was necessary, large part of information on electron density of tissues of interest is 
corrupted causing the potential of signi!cant dose calculation errors.

In a patient study for palliative spine treatment, Rong et al (2010) reported that the metal 
artifacts due to stainless steel spine-stabilizing rods was too severe for treatment planning 
based on a regular kilovoltage (kV) CT image, despite attempts to correct using density over-
ride. A MVCT image of the patient was used instead, acquired by a TomoTherapy Hi-Art unit 
(TomoTherapy Inc., Madison, WI). The artifacts were not completely eliminated in the MVCT 
image but were substantially reduced in comparison to kVCT (!gure 9). A dose veri!cation 
measurement of the plan on the tomotherapy ‘cheese’ phantom with high and low density 
plugs showed a good agreement between ion chamber/!lm measurements with a 3%/3 mm 
gamma criterion, suggesting that this can be an option for treatment planning of similar cases, 
provided that the output stability of the imaging system is veri!ed and the soft tissue resolu-
tion allows for tumor and OARs delineation.

In a phantom study by Son et al (2012) the dose calculation accuracy was compared among 
kVCT extended-scaled kVCT and MVCT image based plans, with reference to corre sponding 
measurements (ion chamber and Gafchromic !lm). The authors used both a reference phantom 
without any metal implants and a phantom including titanium implants in realistic positions 
according to a spinal posterior/posteriolateral fusion. Compared to the reference phantom, the 
dose calculation accuracy at the center of the phantom, between the titanium implants, was 
compromised by an average of 2%, with no clear dependence on the image set or radiation 
treatment system (Siemens ARTISTE, TomoTherapy Hi-Art and Accuray Cyberknife) used 
for the dose calculation and delivery. A decrease in the dose calcul ation accuracy was reported 
while moving closer to the surface of the titanium implants, suggesting that the distance of 

Figure 9. Diagnostic kVCT scan (a) and MVCT scan (b) on the TomoTherapy Hi-Art 
system for a patient with metal implants in the spine (Reproduced with permission from 
Rong et al 2011. CC BY 3.0).
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Abstract
A signi!cant and increasing number of patients receiving radiation therapy 
present with metal objects close to, or even within, the treatment area, 
resulting in artifacts in computed tomography (CT) imaging, which is the 
most commonly used imaging method for treatment planning in radiation 
therapy. In the presence of metal implants, such as dental !llings in treatment 
of head-and-neck tumors, spinal stabilization implants in spinal or paraspinal 
treatment or hip replacements in prostate cancer treatments, the extreme 
photon absorption by the metal object leads to prominent image artifacts. 
Although current CT scanners include a series of correction steps for beam 
hardening, scattered radiation and noisy measurements, when metal implants 
exist within or close to the treatment area, these corrections do not suf!ce. CT 
metal artifacts affect negatively the treatment planning of radiation therapy 
either by causing dif!culties to delineate the target volume or by reducing 
the dose calculation accuracy. Various metal artifact reduction (MAR) 
methods have been explored in terms of improvement of organ delineation 
and dose calculation in radiation therapy treatment planning, depending on 
the type of radiation treatment and location of the metal implant and treatment 
site. Including a brief description of the available CT MAR methods that 
have been applied in radiation therapy, this article attempts to provide a 
comprehensive review on the dosimetric effect of the presence of CT metal 
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CTDI100: average dose imparted by a single axial acquisition to a standard 
100 mm pencil chamber dosimeter inside a PMMA phantom

𝐶𝑇𝐷𝐼'(( = ∫)*(++
*(++ ,(.)

0"
𝑑𝑧 where 𝑆𝑇 is the slice thickness

CTDIw: 1/3CTDI100
central + 2/3CTDI100

peripheral 

CTDIvol = CTDIw/PITCH (used for CT only)

https://www.youtube.com/watch?v=Ip9W8Z5B7fo
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In recent years, wide beam computed tomography (CT) technique has become standard in radiation oncology whereas there is
little information about radiation dose assessments for the technique. A point dose measurement method was employed to
assess the radiation doses of cone beams CT (CBCT) and multi detectors CT (MDCT). The radiation doses of both modal-
ities were measured using thermoluminescence dosemeters (TLDs) in head and body CT phantoms. Four TLD chips were
placed at the centre and each peripheral channel to measure the doses. From the measurements, the weighted CT dose index
for CBCT (CTDIw

CBCT) and volume CT dose index for MDCT (CTDIvol
MDCT) were derived. In the results, the CTDIw

CBCT was
89.7+++++4.0 mGy and the CTDIvol

MDCT was 137.0+++++7.4 mGy for the head scan. For the body scan, they were 37.9+++++1.4 and
74.3+++++5.3 mGy, respectively. In conclusion, CTDIw

CBCT for the head scan was 35% lower than CTDIvol
MDCT, and CTDIw

CBCT

for the body scan was also 49% lower than CTDIvol
MDCT.

INTRODUCTION

As image-guided radiation therapy (IGRT) became
popular in radiation therapy, cone beam computed
tomography (CBCT) systems were introduced and
integrated with linear accelerators and the kilovol-
tage X-ray imaging modality(1). To improve target
localisation, the CBCT image is acquired and used
to correct the patient position errors in each treat-
ment session.

Although the CBCT technique is frequently used
in radiation oncology, there is no standard protocol
to estimate the radiation doses. For a single detector
computed tomography (CT), the CT dose index
(CTDI) concept is used as a radiation dose assess-
ment tool. But, due to the limitation of CT pencil
ion chamber length (100 mm), it is not practical to
apply the CTDI concept directly to the wider CT
beam widths in CBCT and 64-, 256- and 320-slice
multidetector CT (MDCT) scanners.

Much research has investigated the effect of wide
beam width on CTDI methodology. Mori et al.(2)

studied the beam width effect on a 256-slice CT and
found that the length of the body phantom needs to
be .300 mm to collect 90% of the dose profile inte-
gral if the beam width is over 20 mm. Boone(3)

found that the use of CTDI100 even for 10 mm is
not efficient, from his Monte Carlo simulations.

Dixon(4) suggested a point dose measurement to
estimate the CTDI by scanning the entire CT phantom
long enough to establish the dose equilibrium using a

small ion chamber to overcome the limitation of
100 mm pencil ion chambers. The rationale is that the
multiple scanning process generates the dose equili-
brium that would be equivalent to the multiple scan
average dose (MSAD). Thus, by measuring a point
dose in the dose equilibrium region, the CTDI equival-
ent to the MSAD described in Shope’s study could be
derived(5). Nakonechny et al.(6) measured the CTDI
with a diamond detector with the point dose measure-
ment. Song et al.(7) also evaluated the CTDIs for XVI
and OBI CBCT systems using a Farmer type ion
chamber following the point dose measurements.
However, there is no dosimetric comparison study per-
formed between CBCT and MDCT in radiation
oncology.

The purpose of this study is to assess the radiation
doses for CBCT and MDCT in terms of CTDI and
to compare them using the point dose measurement.

MATERIALS AND METHODS

Thermoluminescence dosimetry in CBCT/MDCT

CBCT images of head and body CT phantoms were
acquired using an On-Board Imager (Varian Medical
System, Palo Alto, CA, USA) consisting of a kilovol-
tage X-ray source and a kilovoltage amorphous silicon
detector mounted on the linear accelerator orthog-
onally(8) as shown in Figure 1. The phantoms were
made of polymethyl methacrylate (PMMA) with a
density of r ¼ 1.19 g cm23. The head phantom has a
diameter of 16 cm and the body phantom has a diam-
eter of 32 cm. Both phantoms have the same axial
length of 15.2 cm shown in Figure 2. For the head*Corresponding author: yoshi003@mc.duke.edu
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was calculated by the following equations:

CTDICBCT
W ¼ 1

3
CTDIcenter þ

2
3

CTDIperipheries

CTDIMDCT
W ¼ 1

3
CTDIcenter þ

2
3

CTDIperipheries

CTDIMDCT
vol ¼ CTDIMDCT

W

p
;

where p¼ pitch.
CTDIvol was introduced in order to account for

the pitch effect in MDCT. Since there is no pitch
effect for CBCT imaging, the CTDIw

CBCT and
CTDIvol

MDCT were chosen as dose indices for
comparison.

RESULTS

CTDICBCT and CTDIMDCT values at the centre and
peripheral locations in the head and body phantoms
are summarised in Table 2. Each value represents an
average of four TLD chip readings placed at the
midpoint of each cavity. The ion chamber

measurements performed by Song et al. are also pre-
sented in Table 2.

Weighted CTDIs for the CBCT and volume
CTDIs for the MDCT are presented in Table 3. For
the head scan, CTDIw

CBCT was found to be 89.7+
4.0 mGy for the CBCT and CTDIvol

MDCT was
137.0+ 7.4 mGy for the MDCT. For the body
scan, they were 37.9+1.4 and 74.3+ 5.3 mGy,
respectively.

In addition, the CTDIw
CBCT and CTDIvol

MDCT

values were also normalized with respect to the tube
current product (milliampere second) values to
compare both CTDI values with the same X-ray
output (100 mAs). CTDIw

CBCT per 100 mAs were
6.69+0.30 mGy for the head scan and 2.84+
0.10 mGy for the body scan. CTDIvol

MDCT per
100 mAs were 31.6+ 1.7 and 17.2+ 1.2 mGy for
the head and body scans, respectively.

A comparison between the console displayed
CTDIvol

MDCT and calculated CTDIvol
MDCT was also per-

formed and shown in Table 3. From the consol dis-
plays, the CTDIvol

MDCT for the head scan was 106.0
and 47.4 mGy for the body scan. Thus, the per cent
differences between the displayed and calculated

Table 2. Comparison of measured CTDICBCT and CTDIMDCT at centre and peripheral locations.

TLD location CTDICBCT (mGy) CTDIMDCT (mGy)

Head phantom Body phantom Head phantom Body phantom

This Study Song et al. This Study Song et al.

12o’clock 89.6+4.0 87+3.3 42.6+1.7 63+0.4 108.3+10.0 70.4+5.9
3o’clock 96.7+2.3 81+1.7 55.8+2.0 75+3.5 104.0+6.5 71.0+4.7
6o’clock 76.6+3.7 75+0.1 38.7+1.6 48+2.7 86.2+3.1 54.6+4.0
9o’clock 80.3+3.9 81+0.4 39.9+1.9 57+0.2 103.7+6.7 65.2+7.8
Centre 97.4+5.2 85+1.2 25.3+0.6 41+0.9 107.3+3.5 36.5+0.7

Note that the CTDIMDCT values for the head phantom were scaled based on the average clinical tube current setting
(434 mA).

Table 3. Comparison of CTDIw
CBCT, CTDIw

CBCT per 100 mAs, CTDIvol
MDCT, CTDIvol

MDCT per 100 mAs and console displayed
CTDIvol

MDCT for the head and body phantoms.

Scan
protocols

CBCT MDCT

Measurements (mGy) Measurements (mGy) Console display

CTDIw
CBCT CTDIw

CBCT per
100 mAs

CTDIvol
MDCT CTDIvol

MDCT per
100 mAs

CTDIvol
MDCT Difference

(%)
This

Study
Song
et al.

Head 89.7+4.0 83 6.69+0.30 137.0+7.4 31.6+1.7 106.0 23
Body 37.9+1.4 54 2.84+0.10 74.3+5.3 17.2+1.2 47.4 36
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MDCT: conventional CT (multi-detector CT)
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Table 2:  Monte Carlo calculated patient doses (cGy) for three anatomical sites for the Elekta Synergy 
CBCT system and the Varian OBI CBCT system. Doses reported are for the body i.e. not to a specific 
organ. 

 Pelvis/Abdomen Head and Neck Chest 

Elekta XVI (Spezi et al) [8] 1.5 - 2.1 0.1 - 0.2 1.2 - 2.2 

Varian OBI (Ding et al) [60] 1 - 5 3 - 9 2 - 9 

Downes et al showed that the CBCT imaging dose has a left-right asymmetry due to the increased 
number of exposures at the start and stop gantry angle as the gantry rotation accelerates and 
decelerates at the beginning and end of each scan [52]. Unlike CT imaging where the patient is 
normally central in the CT scanner, in radiotherapy the isocentre is typically set to the centre of the 
target volume which may itself be offset from the centre of the patient's cross-section. Chow et al 
studied this effect and found for the pelvis phantom, variation in the mean dose of up to 20% for up to 
10cm anterior-posterior shifts [61]. Dose variations for the chest and head and neck were typically 
between 7% and 17%. 

One of the advantages of using Monte Carlo, apart from getting individualised dose measurements, 
is that dose distributions can be calculated for a range of situations including medium and large fields 
of view with offset collimation, partial arcs and offset isocentres. 

An alternative to using Monte Carlo is to use a model based dose calculation similar to that used in 
planning the mega-voltage treatment. Aleai et al first showed that the then ADAC treatment planning 
system (TPS) , (now the  Pinnacle TPS; Philips Medical Systems), can be adapted to calculate the dose 
at kilo-voltage energies by adjusting the photon spectrum and adding low dose scatter kernels to the 
collapsed cone superposition dose calculation algorithm [62-65].This method has since been enhanced 
by Ding et al who added a medium dependent correction (MDC) to account for the increased photo-
electric cross section of bone which leads to the increased bone dose previously observed with Monte 
Carlo effects [66]. The MDC algorithm also successfully accounts for upstream and downstream 
effects. The results show a significant improvement compared to the calculation using the collapsed 
cone superposition model alone and agreement with Monte Carlo measurements is good especially 
upstream and downstream of the bone. 

2.4.  Combining dose with treatment planning dose 
For radiotherapy the risk of concomitant imaging needs to be considered in the context of the risk of 
secondary cancer induction from radiotherapy treatment. In addition the dose to critical organs already 
receiving high doses from the treatment needs to be assessed to ensure the additional imaging dose 
does not exceed dose limits. The imaging dose needs to be considered both within the treated volume 
and also peripheral to the volume. 

Qiu et al calculated dose using Monte Carlo for relatively large volume gynae IMRT treatments 
with field length of ~15cm and for CBCT scans of length ~24cm) [67]. They concentrated on 
modelling the in-field dose, discussing out-of-field dose only briefly.  In-field doses for organs at risk 
were calculated using Organ Equivalent Doses calculated using Linear, Linear-Exponential and 
Plateau radiobiological models. The greatest increment in dose from imaging one CBCT per fraction 
was 2.5% for the bowel with the linear model but this reduced to 1.3% for the plateau model. For dose 
in the peripheral region, the CBCT dose was compared with the linac scatter and leakage doses.  In the 
peripheral low dose regions, where there is low risk of secondary malignancies, the incremental dose 
from CBCT was found to be an order of magnitude less than the IMRT scatter dose and less than or 
equal to the linac leakage dose. 

Chow et al concentrated on in-field dose and compared CBCT dose with the treatment dose for a 
prostate IMRT case [59]. The PTV dose rose by 0.6 Gy (0.8%) for a 78Gy/39# treatment which 
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The IAEA, have followed the IEC 60601-2-44 report [34] which is a pragmatic approach that can be 
performed with current dosimetry equipment. They note that even for a 10mm wide beam the CTDI100, 
measured at the centre of the phantom, only collects 82% and 63% of the dose for the head and body 
phantoms respectively [35]. This illustrates that the CTDI100 was never as accurate as one might desire 
with doses under-estimated for long scan lengths and over-estimated for short scan lengths.  However, 
the CTDI100 accuracy stayed constant for beam widths between 10mm and 40mm and only decreased 
significantly for beam widths greater than 40mm.  The IAEA recommend a two tier approach to the 
CTDI100 with measurement for beam widths of less than 40mm following the existing method but for 
those greater than 40mm they exploit equation (5) which states that the CTDI for a beam width greater 
than 40mm is related to the CTDI for a beam width less than 40mm by the ratio of the CTDIfree-in-air at 
the two beam widths.   

!"#$!"", !×! !!" = !"#$!"",!"#×
!"#$!"##!!"!!"#,!×!
!"#$!"##!!"!!"#,!"#

 

 
where, !"#$!"",!"# is the CTDI100 measured in a phantom for the reference beam of 
!×! !"# using an integration of 100mm, N = number of detector rows and T is the 

thickness of a single detector row and where !×! !"# is typically 20mm, 
!"#$!"##!!"!!"#,!×!!is the !"#$!"##!!"!!"# for a beam width of !×!, and 
!"!"!"##!!"!!"#,!"# is the !"#$!"##!!"!!"# for the reference beam width. 
 

(5) 

Table 1:  Cone Beam dose measurements (similar to CTDIw ) for standard imaging protocols on the 
Varian OBI and Elekta Synergy CBCT systems published in the UK Centre of Evidence Based 
Purchasing report [28]. Manufacturers recommended protocol settings may change over time based on 
the introduction of new technology or feedback from customers. 

Varian OBI Imaging Protocol  Dose 
(mGy) 

Elekta Synergy Imaging Protocol  Dose 
(mGy) 

Low Dose Head 2.8 Low Dose Head 1.4 

Standard Dose Head 5.6 Medium Dose Head 5.4 

High Quality Head 27.8 High Dose Head 9.4 

Pelvis 24.9 Pelvis M10 15.3 

Pelvis Spotlight 20.2 Pelvis M15 12.5 

  Pelvis M20 13.7 

The measurement of !"#$!"##!!"!!"#,!"# is itself measured in two tiers with a single chamber 
(100mm length) position being used for beam widths less than 60mm and using two or three positions, 
each stepped by 100mm to cover beam widths larger than 60mm. 

In the AAPM report [33], task group 111 present the theoretical  underpinnings of measuring dose 
in axial  or helical  fan- or cone-beam CT with table translation and that in stationary-phantom cone 
beam CT. For axial or helical scanning they note that there is an equilibrium dose constant which is 
independent of the collimation or the pitch. The dose for any particular scan can then be determined as 
the product of the equilibrium dose constant and a factor (pnT/a) where p is the pitch, nT the total 
width of the detector i.e n rows of width T and a is the width of collimation. This considerably reduces 
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Dosimetry of CBCT: methods, doses and clinical consequences 

JR Sykes1, R Lindsay1, G Iball1 and DI Thwaites12 

1Medical Physics and Engineering, St James’s Institute of Oncology, Leeds, UK 
2Institute of Medical Physics, School of Physics, University of Sydney, Australia 
 
E-mail: jonathan.sykes@leedsth.nhs.uk 
 
Abstract. The use of Cone beam CT (CBCT) systems for Image Guided Radiotherapy is 
rapidly expanding in the developed world. With its use comes concern for the increased risks 
of additional radiation exposure. Quantification of the imaging dose is necessary in order to 
report, optimise and justify CBCT exposures. This article reviews the current methods of dose 
measurement and calculation including dose measurements in cylindrical phantoms, use of 
point dosimeters in anthropomorphic phantoms, calculation of dose using mathematical 
phantoms and calculation of individualised patient dose using Monte Carlo and model based 
techniques. Typical doses from commercial systems are reported and the clinical 
consequences, both risks and benefits, of using CBCT based IGRT reviewed briefly. 

1.  Introduction 
Cone beam CT (CBCT) systems integrated into a radiotherapy treatment room (Linac) have become 
readily available within radiotherapy departments since Jaffray et al first published the concept in 
1998 and becoming commercially available in 2005. The CBCT system enables a sequence of 2D 
radiographic projection images to be acquired from a kV source and flat panel detector imaging 
system as it rotates around the patient either before treatment or more recently during treatment [1].  
These projection images can be reconstructed to produce a 3D "volumetric" image which is similar, 
but not of the same quality, as a conventional fan beam CT scanner. The reconstructed CBCT images 
can be used to correct patient position prior to treatment [2,3] or as a basis to adapt [4–6] the treatment 
plan to the changing anatomy of the patient during the course of their radiotherapy.  This ability to 
visualize the target anatomy and nearby organs at risk at the point of treatment delivery and to 
subsequently make corrections either to the patient position or the dose delivered is often termed 
image guided radiotherapy (IGRT) [7]. The two main commercial radiotherapy CBCT systems from 
Varian and Elekta are the On-Board Imager (OBI) and Synergy system (XVI, X-ray volumetric 
imager) respectively. 

The introduction of CBCT for IGRT proceeded initially, at least in some countries, with little 
regard for the extra radiation dose delivered by the imaging system, known as concomitant dose. The 
generalized justification for this was that the benefits of IGRT will outweigh the increased risks from 
the CBCT dose.  However, more recently there has been increased interest in the concomitant imaging 
dose. This may be partly driven by a recent campaign aimed in particular at pediatric practice, to apply 
principles of ALARP – as low as reasonably practicable (Alliance for Radiation Safety in Pediatric 
Imaging, http://www.pedrad.org). There have also been a couple of publications that have made 
alarming statements about the magnitude of CBCT doses. For example Spezi et al found for 40 image 
fractions of a head and neck using the manufacturers image acquisition protocol that  
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a b s t r a c t

Imaging dose in radiation therapy has traditionally been ignored due to its low magnitude and frequency
in comparison to therapeutic dose used to treat patients. The advent of modern, volumetric, imaging
modalities, often as an integral part of linear accelerators, has facilitated the implementation of image-
guided radiation therapy (IGRT), which is often accomplished by daily imaging of patients. Daily imaging
results in additional dose delivered to patient that warrants new attention be given to imaging dose. This
review summarizes the imaging dose delivered to patients as the result of cone beam computed to-
mography (CBCT) imaging performed in radiation therapy using current methods and equipment. This
review also summarizes methods to calculate the imaging dose, including the use of Monte Carlo (MC)
and treatment planning systems (TPS). Peripheral dose from CBCT imaging, dose reduction methods, the
use of effective dose in describing imaging dose, and the measurement of CT dose index (CTDI) in CBCT
systems are also reviewed.
© 2015 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Cone beam computed tomography (CBCT) was developed in late
1990s and put into clinical use in radiation therapy in the early
2000s. A CBCT system utilizes either the Megavoltage radiation
beam delivered from the linear accelerator (linac), or a kilovoltage
beam delivered using an additional x-ray tube mounted on the
linac, to image the object from multiple projection angles and
reconstruct a 3D image using the projected images. The benefit of
CBCT, as opposed to the traditional 2D imaging using a portal im-
aging device, is volumetric visualization of the patient's body as
well as enhanced visualization of soft tissue.

Due to the superiority of CBCT imaging in patient positioning,
there has been a rapid growth of the use of these systems in radi-
ation therapy, which has helped to make image-guided radiation
therapy a routine technique employed worldwide. Currently, a
variation of CBCT imaging is employed in Varian (Varian Medical
Systems, Palo Alto, USA), Elekta (Elekta AB Stockholm, Sweden),
Siemens (Siemens AG, Erlangen, Germany), andmore recently, Vero
(Brainlab AG, Feldkirchen, Germany) radiation delivery units.

Professional societies have recognized the growing use of this
technology in routine clinical care and published guidelines for
implementation and use of these systems. Among these are the
“ACReASTRO Practice Guidelines for Image-Guided Radiation
Therapy (IGRT)” [1], the “National Radiotherapy Implementation
Group Report on Image Guided Radiotherapy (IGRT)” [2]published
by the United Kingdom's National Cancer Programme Initiative,
and the ASTRO white paper “Safety considerations for IGRT” [3].
Furthermore, there is recent indication that the use of IGRT may
improve the clinical outcome of patients undergoing radiation
therapy, which reinforces the use of image guidance [4].

The imaging dose delivered to patients from CBCT became an
issue of concern soon after the start of clinical utilization of these
systems. Even though imaging has been used for patient posi-
tioning since the onset of radiation therapy, the increased (often
daily) frequency of imaging in the era of IGRT, as opposed to the
traditional weekly portal imaging, and the potential inclusion of
larger volumes of normal structures in CBCT, raises the quantity of
the dose delivered to the patient from imaging, as well as the in-
tegral dose. There is also the additional concern of increasing the
chance of secondary cancers because of imaging dose. These sto-
chastic risks have been recognized and estimated by the American
Association of Physicists in Medicine (AAPM) Task Group 75 [5] and
others [6,7]. Realizing the potential for significant imaging dose,

* Corresponding author.
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Table 1
Summary of CBCT dose measurements in phantom. The version of the imaging system is only included when available.

Kilovoltage
CBCT

Manufacturer (Version,
if specified)

kVp mAs/acquisition Phantom type Dosimeter Dose in phantom/
fraction (cGy)

Sykes [18] Elekta XVI (v3.1) 130 0.56 Rando head TLD 1.9e2.9
Islam [20] Elekta XVI 100 2 Cylindrical (16 & 30 cm dia.) Chamber 0.7e3.5

120 2
140 2

Amer [21] Elekta XVI 100 0.1 Rando head TLD 0.13
120 0.4 Rando chest 0.72
130 1.2 Rando pelvis 2.1

Wen [22] Varian OBI 125 2 Rando pelvis TLD 2.1e4.7
Kan [6] Varian OBI 125 2 Female Rando head, chest, pelvis TLD 3.6e6.7

125 0.4
Osei [25] Varian OBI 125 2 Rando pelvis TLD 3.0e11.5
Winey [26] Varian OBI 125 1.6 CIRS Thorax Chamber/OSL 2.4e9.1
Marinello [27] Varian OBI 125 2 Rando TLD/Gafchromic 4.7e6.2
Tomic [29] Varian OBI (v1.4) 100 0.2 Rando head, chest, pelvis Gafchromic 0.1e4.7 (surface)

100 0.4
100 1.6
125 1.04
125 1.6

Tomic [30] Varian OBI (v1.4) 100 0.2 Rando head, chest, pelvis Gafchromic 0.03e2.8 (surface)
100 0.4
100 1.6
125 1.04
125 1.6

Hyer [31] Varian OBI (v1.4) 100 0.4 Male Anthro head, chest, pelvis Scintillator 0.2e2.8
110 0.4
125 1.04

Elekta XVI (v.4) 100 0.1 0.1e2.9
120 1.6
120 2.56

Palm [32] Varian OBI (v1.3) 125 0.4 Female Rando head, chest, pelvis TLD 8.7e13
125 2

Varian OBI (v1.4) 125 1.04 0.25e3.42
125 2
100 0.2
100 0.4
100 2

Cheng [33] Varian OBI 125 1.6 Female Rando head & pelvis TLD 1.3e9.4
100 1.6 0.4e3.0
124 1.04

Dufek [34] Varian OBI (v1.3) 125 264 (total) Rando head & pelvis TLD 0.01e1.66
Varian OBI (v1.4) 125 0.64 0.01e1.19

100 0.2
Elekta XVI 100 0.1 0.01e3.49

120 1.6
Halg [39] Varian OBI (v1.4) 125 2.0 Rando TLD 0.7e2.8

125 2.0 0.7e4.0
110 0.4 0.2e0.8
100 2.0 0.3e1.8

Varian TrueBeam (v1.0) 125 686.4 (total) 0.4e1.7
Elekta XVI (v4.2) 120 2.6 0.7e3.9

Giaddui [41] Elekta XVI (v4.5) 100 0.4 Rando head, chest, pelvis Gafchromic/OSL 0.02e5
100 0.4
120 0.32
120 1.6

Varian OBI (v1.5) 100 0.72 0.4e5.6
125 0.4
125 1.6
125 3.6

Alvarado [42] Varian OBI (v1.5) 110 0.4 Female Rando chest Gafchromic 0.8e1.0
Moon [43] Elekta XVI 120 1.6 Female Rando head, chest, pelvis Glass 0.2e3.0
Nobah [44] Varian OBI (v1.4) 100 0.4 Rando head, chest, pelvis Gafchromic 0.03e4.91

110 0.4
125 1.6

Varian TrueBeam 100 0.4 0.07e3.15
125 0.4
125 1.6

Megavoltage CBCT MU
Gayou [23] Siemens TBL 5, 8, 10, 15 Rando head & pelvis TLD/Radiographic film 6.0e7.3 in HN (8 MU)

9.9e12.1 in Pelvis (15 MU)
10 Cylindrical (16 and 32 dia.) Chamber 7.9 & 9.2 in center

Morin [24] Siemens TBL 5, 9 Cylindrical Chamber/MOSFET Not reported
Isambert [28] Siemens TBL 5 Cylindrical Chamber 3.7

Rando TLD 3.7 (isocenter)
Quinn [36] Siemens TBL 8 Female Anthro TLD/MOSFET 0.1e4.5 on skin
Halg [39] Siemens TBL 3 Rando TLD 0.9e2.4
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To investigate the ripple effect, we tried to evaluate the variation in dose distribution along 
the scanned length. Three films were used simultaneously and located at 2.5 cm (interstices 
17–18, 18–19, and 19–20) from the center (Table 4).

In fact, due to the thickness of each slice of the phantom (25 mm) and the couch speed 
(8 mm per rotation), the gantry rotated three times between each film, the geometrical condi-
tions of the irradiation were very similar for the three films, resulting in comparable doses and 
dose distributions. 

Fig. 6. Measured dose distributions for 1 MVCT (radiochromic EBT3 + FilmQA Pro) for the three acquisition modes and 
three different sites (head & neck, thorax and abdomen).

Table 3. MSAD (for 1 MVCT) evaluated with radiochromic films for three anatomical regions (ATOM phantom) and 
comparison with the doses obtained in the cylindrical phantom. For comparison, results obtained by Shah et al.(33) for 
different localizations. 

 Our Measurements Shah(33)

  Fine Normal Coarse Normal Mode

Head & Neck
 Average MSAD (cGy) 3.9±0.3 2.1±0.2 1.4±0.1 1.45
 MSAD range [3.5-4.5] [1.5-2.7] [1-1.8] (parotids)
 Maximal dose / Central dose 1.15 1.3 1.3 1.2

Thorax
 Average MSAD (cGy) 3.5±0.3 2±0.2 1.3±0.1 1.14
 MSAD range [3 - 4.1] [1.5-2.6] [0.9-2.1] (lungs)
 Maximal dose / Central dose 1.17 1.3 1.6 1.44

Abdomen
 Average MSAD (cGy) 3.3±0.3 1.7±0.2 1.2±0.1 1.05
  MSAD range [2.8-4.1] [1.3-2.3] [0.7-1.9] (bladder)
 Maximal dose / Central dose 1.24 1.35 1.6 1.25
 Cylindrical phantom ϕ = 30 cm 3 1.5 1.1 1.06 MSADw (cGy) 
 Maximal dose / Central dose 1.26 1.21 1.5 1.08

a Corresponding author: Jean-Pierre Mege, Service de Physique Médicale, Gustave Roussy Cancer Campus, 
114 rue Edouard-Vaillant, Villejuif, France; phone: 33(0)1 42 11 43 37; fax: 33(0)1 42 11 66 09; email:  
jean-pierre.mege@gustaveroussy.fr
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The purpose of this investigation was to evaluate the dose on megavoltage CT 
(MVCT) images required for tomotherapy. As imaging possibilities are often 
used before each treatment and usually used several times before the session, we 
tried to evaluate the dose delivered during the procedure. For each scanning mode 
(fine, normal, and coarse), we first established the relative variation of these doses 
according to different technical parameters (explored length, patient setup). These 
dose variations measured with the TomoPhant, also known as Cheese phantom, 
showed the expected variations (due to the variation of scattered radiation) of 15% 
according to the explored length and ± 5% according to the phantom setup (due to 
the variation of the point of measurement in the bore). In order to estimate patient 
doses, an anthropomorphic phantom was used for thermoluminescent and film 
dosimetry. The degree of agreement between the two methods was very satisfactory 
(the differences correspond to 5 mGy per imaging session) for the three sites studied 
(head & neck, thorax, and abdomen). These measurements allowed us to estimate 
the delivered dose of between 1 cGy and 4 cGy according to the site and imaging 
mode. Finally, we attempted to investigate a way to calculate this delivered dose 
in our patients from the study conducted on a cylindrical phantom and by taking 
into account data from the initial kV-CT scan. The results we obtained were close 
to our measurements, with discrepancies below 5 mGy per MVCT.

PACS numbers: 87.53.Bn, 87.55.km, 87.55.Qr 

Key words: doses, MVCT, tomotherapy, imaging modes 

 
I. INTRODUCTION

More and more images are being used during current radiotherapy procedures to improve treat-
ment quality and accuracy. Image-guided radiotherapy (IGRT) allows us to take into account not 
only patient positioning and target localization, but also structure avoidance and morphologi-
cal variations.(1,2,3,4,5,6) Different possibilities have been described to take into account patient 
management.(7,8) In order to have a comprehensive approach to the total delivered dose, it is 
important to evaluate these imaging doses during treatment procedures especially when these 
techniques are used frequently.

Different approaches have been published on how to evaluate such doses using kilovoltage or 
megavoltage cone-beam computed tomography (kV-CBCT or MV-CBCT).(5,9,10,11,12,13,14,15,16,17,18,19)
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approximately equivalent to CTDIvol
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B.  Density calibration
In previous studies, Thomas(15) reported a resulting dose difference of 1% for an electron 
density difference of 8% for typical radiotherapy beams, and Hatton et al.(16) similarly showed 
that 21% difference in electron density resulted in 2.6% dose difference. Thus, IVDCs for the 
same machine that were within 8% difference in density were combined into one curve. For 
the CT, TrueBeam and TomoTherapy units, all calibration points were within 8% of each other, 
which resulted in less than 1% dose difference according to Thomas.(15) Thus, the TrueBeam 
and Tomotherapy units required only one IVDC each, despite using different imaging protocols. 
The Versa required two different curves, one for small objects (such as the head) and one for 
large objects (such as the thorax or pelvis). The Artiste was assigned three calibrations, which 
included separate IVDCs for images of the head, thorax, and pelvis. In the end, eight different 
IVDCs were entered into the treatment planning system for five different machines. All IVDC 
curves are plotted in Fig. 2. 

Using the resulting IVDCs, the images were converted into physical density. Figure 3 shows 
a density profile (solid line) for the water cylinder and the pelvic water phantom. The same 
profile was plotted for all imaging machines studied here. The image noise in MV CT images 
was clearly visible. Versa images showed an inconsistency in image value to density conver-
sion in the image center in case of the water cylinder phantom. This appears to be due to the 
image nonuniformity.

Table 3 lists a summary of the mean density difference in percent relative to the kV CT 
density along each profile and one standard deviation. 

Table 2. Image dose, noise, CNR, uniformity, and spatial resolution.

  CTDIvol    Spatial
  (cGy)  CNR  Resolution
  rFOV/eFOV Noise (bone/water) Uniformity 50% cf (1/cm)

 kV CT (MX 8000) 0.20 0.53 161.5 0.1 4.1
 kV CBCT (TrueBeam) 0.29/1.43a 2.10 52.2 -1.0 4.1
 kV CBCT (Versa) 0.12/2.20a 3.07 36.7 6.7 2.1
 MV CBCT (Artiste) 5.00/15.00b 1.91 14.9 -4.5 1.6
 MV CT (Tomo) ~ 2.00b 3.14 15.7 0.0 2.1

a CTDIw, b dose

Fig. 2. IVDC curves for kV CT and on-board imaging systems. The VersaHD required two separate curves for rFOV and 
eFOV imaging protocols. The Artiste required three protocols, one for rFOV and two for eFOV.

Contrast to noise ratioCTDIvol = CTDIw/pitch
a Corresponding author: Olivier Morin, Department of Radiation Oncology, University of California San Francisco, 
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A clinical workflow was developed for urgent palliative radiotherapy treatments 
that integrates patient simulation, planning, quality assurance, and treatment in one 
30-minute session. This has been successfully tested and implemented clinically 
on a linac with MV CBCT capabilities. To make this approach available to all clin-
ics equipped with common imaging systems, dose calculation accuracy based on 
treatment sites was assessed for other imaging units. We evaluated the feasibility of 
palliative treatment planning using on-board imaging with respect to image qual-
ity and technical challenges. The purpose was to test multiple systems using their 
commercial setup, disregarding any additional in-house development. kV CT, kV 
CBCT, MV CBCT, and MV CT images of water and anthropomorphic phantoms 
were acquired on five different imaging units (Philips MX8000 CT Scanner, and 
Varian TrueBeam, Elekta VersaHD, Siemens Artiste, and Accuray Tomotherapy 
linacs). Image quality (noise, contrast, uniformity, spatial resolution) was evalu-
ated and compared across all machines. Using individual image value to density 
calibrations, dose calculation accuracies for simple treatment plans were assessed 
for the same phantom images. Finally, image artifacts on clinical patient images 
were evaluated and compared among the machines. Image contrast to visualize 
bony anatomy was sufficient on all machines. Despite a high noise level and low 
contrast, MV CT images provided the most accurate treatment plans relative to kV 
CT-based planning. Spatial resolution was poorest for MV CBCT, but did not limit 
the visualization of small anatomical structures. A comparison of treatment plans 
showed that monitor units calculated based on a prescription point were within 5% 
difference relative to kV CT-based plans for all machines and all studied treatment 
sites (brain, neck, and pelvis). Local dose differences > 5% were found near the 
phantom edges. The gamma index for 3%/3 mm criteria was ≥ 95% in most cases. 
Best dose calculation results were obtained when the treatment isocenter was near 
the image isocenter for all machines. A large field of view and immediate image 
export to the treatment planning system were essential for a smooth workflow and 
were not provided on all devices. Based on this phantom study, image quality of 
the studied kV CBCT, MV CBCT, and MV CT on-board imaging devices was 
sufficient for treatment planning in all tested cases. Treatment plans provided dose 
calculation accuracies within an acceptable range for simple, urgently planned pal-
liative treatments. However, dose calculation accuracy was compromised towards 
the edges of an image. Feasibility for clinical implementation should be assessed 
separately and may be complicated by machine specific features. Image artifacts 
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Why do we need image quantification?

Having the imager on-board enables image acquisition in treatment position

This is a fantastic opportunity to estimate dose distributions in the patient using the 
most up-to-date anatomical data. It could enable on-line and off-line adaptive 
strategies. In such strategies, the quality of the image is an essential piece of the 
workflow

For computing dose distributions, accurate conversion of imaging data into physical 
quantities must be performed. We need to predict for every tissue:

• The attenuation of the photons for high energy X-rays
• The deceleration rate for high energy protons
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Use of plastic inserts of known compositions and densities to 
calibrate the CT
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A new comer: dual energy CT calibration

There is no unicity between HU and atomic composition for a given CT energy. By 
acquiring images with several energies, it is possible to better characterize the tissues

There are multiple methods to convert DECT into quantities of interest

Range uncertainty estimation for current clinical practice 4105

(a) (b)

Figure 2. (a) Measured versus theoretical CT numbers of the tissue substitutes; (b) the relative
difference between the measured and theoretical CT numbers of the tissue substitutes.

(a) (b)

Figure 3. Uncertainties associated with tissue variations. The stoichiometric calibration curve
is shown with the reference (triangles) and the individualized (dots) human tissues. (a) and
(b) are magnifications of the soft and bone tissue regions, respectively.

Table 6. Uncertainties (1σ ) to calculate SPRs of human tissues.

Uncertainties (1σ )

Reference human Individualized human
Tissue group tissues (%) tissues (%)

Lung 0.00 0.18
Soft 0.43 1.20
Bone 0.29 1.60

3.1.3. Uncertainties to calculate SPRs of human tissues. In general, the individualized
human tissues fitted worse with the stoichiometric calibration curve than did the reference
human tissues (figure 3). The uncertainties for the individualized human tissues, especially
soft and bone tissues, were greater than those for the reference human tissues (table 6).
The uncertainties at least doubled for soft tissues and increased by at least four times for
bone tissues. In figure 3(a), the individualized body tissues (dots) were found to spread
along the direction of density variation centered around the reference body tissues (triangles),
which indicated the density variation appeared to be the dominant factor for soft tissues.
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Abstract
The purpose of this study was to analyze factors affecting proton stopping-
power-ratio (SPR) estimations and range uncertainties in proton therapy
planning using the standard stoichiometric calibration. The SPR uncertainties
were grouped into five categories according to their origins and then estimated
based on previously published reports or measurements. For the first time,
the impact of tissue composition variations on SPR estimation was assessed
and the uncertainty estimates of each category were determined for low-
density (lung), soft, and high-density (bone) tissues. A composite, 95th
percentile water-equivalent-thickness uncertainty was calculated from multiple
beam directions in 15 patients with various types of cancer undergoing
proton therapy. The SPR uncertainties (1σ ) were quite different (ranging
from 1.6% to 5.0%) in different tissue groups, although the final combined
uncertainty (95th percentile) for different treatment sites was fairly consistent at
3.0–3.4%, primarily because soft tissue is the dominant tissue type in the human
body. The dominant contributing factor for uncertainties in soft tissues was
the degeneracy of Hounsfield numbers in the presence of tissue composition
variations. To reduce the overall uncertainties in SPR estimation, the use of
dual-energy computed tomography is suggested. The values recommended in
this study based on typical treatment sites and a small group of patients roughly
agree with the commonly referenced value (3.5%) used for margin design. By
using tissue-specific range uncertainties, one could estimate the beam-specific

4 Author to whom any correspondence should be addressed.
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CBCT is not a good natural image quantifier

CBCT quantification depends on a number of parameters and issues, 
among which:

• Image acquisition parameters
• Image artefacts due to scatter, scanned object size, and 

number of projections
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Imaging has three main functions in RT:

1. For delineating contours and organs-at-risk à Visual quality!

2. For computing the dose distributions à Quantitative quality!

3. For reducing uncertainties (positioning uncertainties, motion model, trigger 
replanning if necessary, …) à Practical requirements (on-board, fast, …)
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radiotherapy?
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What applies to radiology AND:

• Positioning consistency must be well ensured at all times à lasers placed for 
positioning must reflect actual position in the scanner

• For on-board imagers, the isocenter of the imaging device must remain aligned 
with the isocenter of the treatment device

• Geometrical distances must be consistent with baseline

• Image quantification must be properly checked, with a frequency and tolerances 
adapted to the device considered
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Purpose: Commercial CT-based image-guided radiotherapy (IGRT) systems allow widespread
management of geometric variations in patient setup and internal organ motion. This document
provides consensus recommendations for quality assurance protocols that ensure patient safety and
patient treatment fidelity for such systems.
Methods: The AAPM TG-179 reviews clinical implementation and quality assurance aspects for
commercially available CT-based IGRT, each with their unique capabilities and underlying
physics. The systems described are kilovolt and megavolt cone-beam CT, fan-beam MVCT, and
CT-on-rails. A summary of the literature describing current clinical usage is also provided.
Results: This report proposes a generic quality assurance program for CT-based IGRT systems in an
effort to provide a vendor-independent program for clinical users. Published data from long-term,
repeated quality control tests form the basis of the proposed test frequencies and tolerances.
Conclusion: A program for quality control of CT-based image-guidance systems has been produced,
with focus on geometry, image quality, image dose, system operation, and safety. Agreement and clarifica-
tion with respect to reports from the AAPM TG-101, TG-104, TG-142, and TG-148 has been addressed.
VC 2012 American Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.3690466]

Key words: quality assurance, cone-beam CT, fan-beam MVCT, CT-on-rails

I. INTRODUCTION

The goal of radiation therapy (RT) is to deliver accurately a
curative or palliative dose distribution to a well-defined tar-
get volume. Unlike dose calculation and measurement accu-
racy, the geometric accuracy of RT has been a challenge that
could only recently have been quantitatively and pragmati-
cally ascertained.1 Lately, medical linear accelerator (linac)

manufacturers and third-party vendors have developed
integrated imaging systems to improve and facilitate internal
patient anatomy visualization, enabling efficient positioning
of these anatomical structures relative to the treatment room.
These systems often use the accelerator isocenter as a refer-
ence point. The initial use of daily computed tomography
(CT) has been for assessing internal organ position and
defining the subsequent isocenter shifts to be performed at
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The clinical introduction of volumetric x-ray image-guided radiotherapy systems necessitates for-
mal commissioning of the hardware and image-guided processes to be used and drafts quality
assurance !QA" for both hardware and processes. Satisfying both requirements provides confidence
on the system’s ability to manage geometric variations in patient setup and internal organ motion.
As these systems become a routine clinical modality, the authors present data from their QA
program tracking the image quality performance of ten volumetric systems over a period of 3 years.
These data are subsequently used to establish evidence-based tolerances for a QA program. The
volumetric imaging systems used in this work combines a linear accelerator with conventional
x-ray tube and an amorphous silicon flat-panel detector mounted orthogonally from the accelerator
central beam axis, in a cone-beam computed tomography !CBCT" configuration. In the spirit of the
AAPM Report No. 74, the present work presents the image quality portion of their QA program; the
aspects of the QA protocol addressing imaging geometry have been presented elsewhere. Specifi-
cally, the authors are presenting data demonstrating the high linearity of CT numbers, the unifor-
mity of axial reconstructions, and the high contrast spatial resolution of ten CBCT systems !1–2
mm" from two commercial vendors. They are also presenting data accumulated over the period of
several months demonstrating the long-term stability of the flat-panel detector and of the distances
measured on reconstructed volumetric images. Their tests demonstrate that each specific CBCT
system has unique performance. In addition, scattered x rays are shown to influence the imaging
performance in terms of spatial resolution, axial reconstruction uniformity, and the linearity of CT
numbers. © 2008 American Association of Physicists in Medicine. #DOI: 10.1118/1.2900110$

Key words: quality assurance, image quality, cone-beam CT

I. INTRODUCTION

Image-guided radiation therapy is rapidly becoming a key
component, not only of conventional treatments, but also a
crucial requirement for high precision techniques such as ex-
tracranial radiosurgery and for further dose escalation.1,2

Low dose verification images obtained before, during, or im-
mediately after delivery of radiation therapy provides oppor-
tunities to correct positioning errors that may hinder the ef-
fectiveness of radiation therapy, reveal internal organ
motions, and monitor internal changes in the anatomy that
may result from the delivery of radiation therapy. Commer-
cial linear accelerators vendors have released kilovoltage im-
aging systems mounted on the accelerator gantry, thereby
allowing two-dimensional image acquisition and volumetric
imaging, based on cone-beam computed tomography
!CBCT", using low radiation doses.

The successful implementation of CBCT requires a qual-
ity assurance !QA" program that not only involves robust and
intuitive quality control checks of the equipment,3,5 but also
thoughtful image-guidance processes based on measurement
of positional uncertainties and considering the practicalities
of patient throughput.6 We have outlined such a program in
an earlier publication6 and have presented the results of our
QA program for the geometric accuracy of CBCT systems in
another.4 In this article, we are addressing the image quality

aspects of our CBCT QA and suggest tolerances for QA tests
based on over 3 years of clinical use within our institution.

II. METHODS AND MATERIALS

II.A. System description and basis for QA

Kilovoltage image-guidance systems consist of a retract-
able conventional x-ray tube and amorphous silicon x-ray
detector mounted at 90 degrees !Synergy, Elekta Oncology
Systems, Crawley, UK and OBI, Varian, Palo Alto, CA" from
the treatment beam central axis.7 The image-guidance system
is nominally aligned with the treatment beam isocenter. All
configurations are capable of radiographic, fluoroscopic, and
volumetric CBCT imaging. Our clinic is equipped with four
OBI !units A, G, H, and I" and six Synergy !units B, C, D, E,
F, and J" systems.

Our clinic relies on volumetric image guidance, using the
CBCT capabilities of our systems, to verify patient position-
ing and develop monitoring of radiation therapy. The advan-
tages of the volumetric approach over the two-dimensional
approach include the ability to address patient rotations that
may confound planar image matching, enhanced soft tissue
contrast allowing image matching not only to bony struc-
tures, but also to soft tissues, and direct linkage of the volu-
metric data sets to the treatment isocenter of the accelerator
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The aim of the guideline presented in this article is to unify the test parameters for image quality eval-
uation and radiation output in all types of cone-beam computed tomography (CBCT) systems. The appli-
cations of CBCT spread over dental and interventional radiology, guided surgery and radiotherapy. The
chosen tests provide the means to objectively evaluate the performance and monitor the constancy of
the imaging chain. Experience from all involved associations has been collected to achieve a consensus
that is rigorous and helpful for the practice.
The guideline recommends to assess image quality in terms of uniformity, geometrical precision, voxel

density values (or Hounsfield units where available), noise, low contrast resolution and spatial resolution
measurements. These tests usually require the use of a phantom and evaluation software. Radiation out-
put can be determined with a kerma-area product meter attached to the tube case. Alternatively, a solid
state dosimeter attached to the flat panel and a simple geometric relationship can be used to calculate the
dose to the isocentre. Summary tables including action levels and recommended frequencies for each
test, as well as relevant references, are provided.
If the radiation output or image quality deviates from expected values, or exceeds documented action

levels for a given system, a more in depth system analysis (using conventional tests) and corrective main-
tenance work may be required.
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QA FOR RT SUPPLEMENT

QUALITY ASSURANCE FOR THE GEOMETRIC ACCURACY OF CONE-BEAM
CT GUIDANCE IN RADIATION THERAPY

JEAN-PIERRE BISSONNETTE, PH.D., DOUG MOSELEY, PH.D., ELIZABETH WHITE, B.SC.,
MICHAEL SHARPE, PH.D., TOM PURDIE, PH.D., AND DAVID A. JAFFRAY, PH.D.

Radiation Medicine Program, Princess Margaret Hospital, Toronto, Ontario, Canada

The introduction of volumetric X-ray image-guided radiotherapy systems allows improved management of geo-
metric variations in patient setup and internal organ motion. As these systems become a routine clinical modality,
we propose a daily quality assurance (QA) program for cone-beam computed tomography (CBCT) integrated with
a linear accelerator. The image-guided system used in this work combines a linear accelerator with conventional
X-ray tube and an amorphous silicon flat-panel detector mounted orthogonally from the accelerator central beam
axis. This article focuses on daily QA protocols germane to geometric accuracy of the CBCT systems and proposes
tolerance levels on the basis of more than 3 years of experience with seven CBCT systems used in our clinic.
Monthly geometric calibration tests demonstrate the long-term stability of the flex movements, which are repro-
ducible within ±0.5 mm (95% confidence interval). The daily QA procedure demonstrates that, for rigid phantoms,
the accuracy of the image-guided process can be within 1 mm on average, with a 99% confidence interval of
±2 mm. ! 2008 Elsevier Inc.

Image guidance, Geometric accuracy, Cone-beam CT.

INTRODUCTION

Modern linear accelerators not only deliver accurate doses of
radiation, they also ensure that targets are localized accu-
rately at treatment time by use of volumetric X-ray image
guidance (1, 2). The recent commercial introduction of
such guidance systems has allowed the assessment and con-
trol of patient positioning uncertainties, revealed internal or-
gan motion and deformation, and is paving the way toward
advanced and adaptive radiation therapy. By improving the
geometric accuracy of radiation therapy, clinicians may dem-
onstrate increases in tumor control probability and reduction
in toxicity through dose escalation, intensity-modulated radi-
ation therapy, and individualized planning target volume
(PTV) margins.

Accelerator vendors are offering kilovoltage imaging
systems capable of kV radiographic, fluoroscopic, and volu-
metric imaging of the patient in the treatment position imme-
diately before irradiation using a dose much less than that
used for portal imaging. To support volumetric image guid-
ance with confidence, clinics must develop robust quality
assurance (QA) programs that verify the performance and re-
liability of these systems (3–7). Such a program has been pre-
sented in an earlier publication (6). In this article, we update

the testing of geometric accuracy and suggest tolerances for
such tests; these tolerances are based on more than 3 years
of experience with cone-beam CT (CBCT) systems for
image-guided radiation therapy within our institution.

METHODS AND MATERIALS

System description and basis for QA
The CBCT systems used in our institution consist of retractable,

conventional X-ray tubes and amorphous silicon detectors mounted
at 90 degrees (Synergy, Elekta Oncology Systems, Crawley, UK;
OBI, Varian, Palo Alto, CA) from the treatment beam central
axis. The CBCT system is nominally aligned with the radiation iso-
center. All configurations are capable of radiographic, fluoroscopic,
and volumetric cone-beam imaging. Our clinic is equipped with six
Synergy (Units A, B, C, D, E, and G) and one OBI (Unit F) systems.

The CBCT image-guidance process is as follows. Patients are
positioned level and straight on the treatment couch, aligning exter-
nal landmarks, such as tattoos, with the room lasers. Often, an initial
couch shift, determined during treatment planning, is applied to move
the planned isocenter to the accelerator isocenter. Subsequently, the
patient is imaged using the CBCT system, and the resulting images
are registered to the planning CT scan manually or automatically
using either bone or soft-tissue matching. The registered CBCT
yields the couch shifts required to move the target to the intended
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The aim of the guideline presented in this article is to unify the test parameters for image quality eval-
uation and radiation output in all types of cone-beam computed tomography (CBCT) systems. The appli-
cations of CBCT spread over dental and interventional radiology, guided surgery and radiotherapy. The
chosen tests provide the means to objectively evaluate the performance and monitor the constancy of
the imaging chain. Experience from all involved associations has been collected to achieve a consensus
that is rigorous and helpful for the practice.
The guideline recommends to assess image quality in terms of uniformity, geometrical precision, voxel

density values (or Hounsfield units where available), noise, low contrast resolution and spatial resolution
measurements. These tests usually require the use of a phantom and evaluation software. Radiation out-
put can be determined with a kerma-area product meter attached to the tube case. Alternatively, a solid
state dosimeter attached to the flat panel and a simple geometric relationship can be used to calculate the
dose to the isocentre. Summary tables including action levels and recommended frequencies for each
test, as well as relevant references, are provided.
If the radiation output or image quality deviates from expected values, or exceeds documented action

levels for a given system, a more in depth system analysis (using conventional tests) and corrective main-
tenance work may be required.
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3.1. Uniformity

Regular evaluation of the axial uniformity is one of the sim-
plest methods to make sure that there are no errors (appearing
as artefacts) affecting the reconstruction. With CBCT equipment,
a lack of uniformity is usually unavoidable though, because of
several factors such as radiation heel effect, beam hardening,
partial rotation acquisition and parts of the volume outside the
FOV.

The two recommended methods make use of five ROIs placed as
shown in Fig. 2a. The first method (xyz uniformity curves) evalu-
ates the mean grey values (or Hounsfield units, HU) of those ROIs
against the z-coordinate. The second method [5] calculates the
maximum differences between the ROI values and the average of
them all, scaling the results by the contrast-to-noise-ratio. This
procedure enables a direct comparison between values obtained
with different grey scales.

3.2. Geometrical precision

The value of CBCT relies on its ability to produce a three-
dimensional description of the anatomy of the patients. In this
respect, it is essential that the relative spatial relationship of the
internal structures in the image is representative of the imaged
structures, and that the image is rigidly related to the coordinate
system of the machine. The latter aspect is especially important
for radiotherapy applications, where mismatches between the
imaging isocentre and the treatment isocentre must be avoided
in order to ensure that the strict positioning requirements are
met. Both mechanical sag and flex of the CBCT arms, and limita-
tions of the reconstruction algorithms, are responsible for limita-
tions of the geometrical accuracy of CBCT images. Therefore, it is
essential to regularly check the geometrical calibration of the
CBCT.

The purpose of the test is to monitor the geometrical accuracy
and the linearity of the CBCT image. For radiotherapy, a further test
is recommended aimed at monitoring the position of the imaging
isocentre in relation to the treatment isocentre. Phantoms with
known internal structures or grids are required for these tests
(e.g. Fig. 2b).

3.3. Voxel density values

It is important to be able to distinguish between the different
electronic densities of materials in a radiographic image, in order
to perform accurate clinical diagnoses. Accurately relating physical
density to voxel density values is particularly important when
these values are used to perform a clinical diagnosis, such as
assessing bone density. It is also essential to accurately relate the
voxel density (in Hounsfield units) to the electron density of the
material if the CBCT images are used to perform dose computations
in ART, which is currently an active area of research [12].

The purpose of this test is to check whether the system is able
to reproduce the voxel density values that are expected for the
given materials. If the system does not claim conformity with the
HU scale the purpose of this test is just to check that the density
values assigned to a certain material do not deviate from the base-
line values. A test phantom containing a number of materials with
different electronic densities is required. An example is shown in
Fig. 2c.

3.4. Noise

Quantum noise represents the pixel variations associated to the
stochastic nature of radiation. A measurement of noise is a simple
method to detect failures in the performance of the X-ray device,
by comparing the values with a measured baseline of performance.

The purpose of this measurement is to ensure that the noise in
the images does not compromise the visibility of relevant struc-
tures or lesions. The same phantom used for the uniformity is
required (Fig. 2d). However, the measurement of noise is an inte-
gral part of the contrast-to-noise ratio (CNR), involved in the test
described below. Advanced methods of evaluation, such as the
noise power spectrum, are dealt with in the appendix of the
guideline.

3.5. Low-contrast resolution

The cone beam of CBCT systems is associated with high levels of
scatter radiation, with a consequent degradation of soft tissue dif-
ferentiation and loss in low-contrast resolution (decrease in CNR)
[13]. Measured variations of this parameter are an indirect

Table 1
Summary of recommended image quality tests.

Parameter Procedures Frequency* Action level

Dental Interventional
radiology

Radiotherapy Dental Interven-
tional rad.

Radiotherapy

3.1 Uniformity XYZ uniformity curves Annual Monthly Manufacturer specifications, or >10%
difference air water

Deviation from
baseline >10 HU

DIN method Uniformity parameter U < 5
3.2 Geometrical

precision
Geometrical accuracy Annual (or none) Monthly >1 mm >2 mm >2 mm for

conventional
treatments, >1 mm
for SRS/SBRT

Linearity
Spatial Stability (not relevant) Monthly (coincidence of

isocentres daily)
(not relevant) (not

relevant)
3.3 Voxel density

values
Voxel values for
different materials

Annual Monthly Manufacturer
specifications, or >25%
difference air water

Deviations >50 HU from the
baseline value (still under research)

3.4 Noise ROI standard deviation Annual Monthly Differences from baseline >20%
3.5 Low contrast

resolution
Contrast-to-noise ratio Annual Differences from baseline >40%

Acceptance indicator <100§

3.6 Spatial
resolution

Frequency at 10% of
the
modulation transfer
function

Annual <10 lp/cm (high
resolution mode)

<5 lp/cm

* Depending on the complexity of the treatment techniques used and the weight of CBCT for image guidance, the monthly tests in radiotherapy facilities may be carried out
quarterly or every half a year. In addition to the indicated frequency, the tests should be performed at acceptance of the device as well as after maintenance work or upgrades
that could affect the integrity of the system.
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indicator of changes in tube performance, as low-contrast resolu-
tion is linked to the peak-voltage (kVp) of the X-ray tube and con-
sequently to patient dose (see Section 6.2.7.1 in Ref. [1]).

The traditional method to evaluate low-contrast resolution is
based on detecting subtle signals within a noisy but uniform back-
ground. The drawback of this method is that it is highly subjective.
Different observers, and even the same observer on different occa-
sions, can give different results when they are presented the same
signals [14]. Although costly human observer studies are valid
under certain circumstances of performance, the results can be
biased and/or be difficult to reproduce. Thus, substituting subjec-
tive methods for objective techniques is a high priority when
determining procedures for image quality control.

The purpose of this test is to objectively quantify the low-
contrast resolution. The most practical method is to measure the
CNR between two ROIs of well-defined positions and electronic
densities (see Fig. 2e), as recommended in the guideline. Model
observers have also been suggested for specific detection tasks
[15]. Such advanced methods are dealt with in the appendix of
the guideline.

3.6. Spatial resolution

The relative high spatial resolution is one of the main advan-
tages of CBCT technology, and it is particularly important in dental
clinical applications and peripheral vascular applications. Its value
depends on the technical characteristics of the equipment, such as
focal spot dimension and detector performance, which could
change over the time. In CBCT the voxel usually has equal dimen-
sions along all three Cartesian axes, and as a consequence spatial
resolution should be assessed along the three axes, and similar val-
ues should be expected.

The purpose of this test is to provide a quantitative evaluation
of the size of the smallest object that can be resolved in a volumet-

ric dataset from a tomographic acquisition. Although this size is
limited by the voxel dimensions, it does not coincide with it. The
limiting spatial resolution is usually associated with the frequency
at which the modulation transfer function (MTF) falls to a defined
level (usually 10%) of its maximum value. The line-pair value cor-
responding to 50% of the MTF maximum is usually also indicated
(Fig. 2f). The conventional test of ‘‘image slice thickness” was up
to now the only method to study the resolution in the longitudinal
axis direction (the ‘‘z-direction”), which is the relevant parameter.
To assess spatial resolution along this axis, images of a plane per-
pendicular to the axial plane (eg. a sagittal or coronal slice) and
appropriate software should be used.

For dental and interventional radiology applications annual
tests are suggested as a minimum requirement (in addition to
the acceptance tests and the tests after changes in the device).
However, we support the decision of some countries to enforce
the tests on a monthly basis [8]. Indeed, with the help of dedicated
software it is possible and desirable to perform the indicated tests
on a monthly basis.

4. Image quality phantoms

An image quality phantom should allow the user to evaluate the
different aspects of the imaging chain in a standardised, repro-
ducible and consistent way. The use of simple but reliable software
is essential for this task.

Phantoms intended for medical physics testing are used for
comprehensive assessment of a wide range of image quality
aspects of the equipment, e.g. uniformity, spatial and contrast res-
olution, noise, artefacts, image density values, geometric accuracy
and reconstruction for a range of clinical protocols, usually on an
annual basis. However, monthly, quarterly or half-yearly tests are
aimed to highlight issues that require immediate attention. These
tests are usually simple, time efficient and can be readily

Fig. 2. An example of the measurement of uniformity (a), geometrical linearity (b), density values or Hounsfield units (c), noise (d), contrast-to-noise ratio (e) and modulation
transfer function (f).
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The clinical introduction of volumetric x-ray image-guided radiotherapy systems necessitates for-
mal commissioning of the hardware and image-guided processes to be used and drafts quality
assurance !QA" for both hardware and processes. Satisfying both requirements provides confidence
on the system’s ability to manage geometric variations in patient setup and internal organ motion.
As these systems become a routine clinical modality, the authors present data from their QA
program tracking the image quality performance of ten volumetric systems over a period of 3 years.
These data are subsequently used to establish evidence-based tolerances for a QA program. The
volumetric imaging systems used in this work combines a linear accelerator with conventional
x-ray tube and an amorphous silicon flat-panel detector mounted orthogonally from the accelerator
central beam axis, in a cone-beam computed tomography !CBCT" configuration. In the spirit of the
AAPM Report No. 74, the present work presents the image quality portion of their QA program; the
aspects of the QA protocol addressing imaging geometry have been presented elsewhere. Specifi-
cally, the authors are presenting data demonstrating the high linearity of CT numbers, the unifor-
mity of axial reconstructions, and the high contrast spatial resolution of ten CBCT systems !1–2
mm" from two commercial vendors. They are also presenting data accumulated over the period of
several months demonstrating the long-term stability of the flat-panel detector and of the distances
measured on reconstructed volumetric images. Their tests demonstrate that each specific CBCT
system has unique performance. In addition, scattered x rays are shown to influence the imaging
performance in terms of spatial resolution, axial reconstruction uniformity, and the linearity of CT
numbers. © 2008 American Association of Physicists in Medicine. #DOI: 10.1118/1.2900110$
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I. INTRODUCTION

Image-guided radiation therapy is rapidly becoming a key
component, not only of conventional treatments, but also a
crucial requirement for high precision techniques such as ex-
tracranial radiosurgery and for further dose escalation.1,2

Low dose verification images obtained before, during, or im-
mediately after delivery of radiation therapy provides oppor-
tunities to correct positioning errors that may hinder the ef-
fectiveness of radiation therapy, reveal internal organ
motions, and monitor internal changes in the anatomy that
may result from the delivery of radiation therapy. Commer-
cial linear accelerators vendors have released kilovoltage im-
aging systems mounted on the accelerator gantry, thereby
allowing two-dimensional image acquisition and volumetric
imaging, based on cone-beam computed tomography
!CBCT", using low radiation doses.

The successful implementation of CBCT requires a qual-
ity assurance !QA" program that not only involves robust and
intuitive quality control checks of the equipment,3,5 but also
thoughtful image-guidance processes based on measurement
of positional uncertainties and considering the practicalities
of patient throughput.6 We have outlined such a program in
an earlier publication6 and have presented the results of our
QA program for the geometric accuracy of CBCT systems in
another.4 In this article, we are addressing the image quality

aspects of our CBCT QA and suggest tolerances for QA tests
based on over 3 years of clinical use within our institution.

II. METHODS AND MATERIALS

II.A. System description and basis for QA

Kilovoltage image-guidance systems consist of a retract-
able conventional x-ray tube and amorphous silicon x-ray
detector mounted at 90 degrees !Synergy, Elekta Oncology
Systems, Crawley, UK and OBI, Varian, Palo Alto, CA" from
the treatment beam central axis.7 The image-guidance system
is nominally aligned with the treatment beam isocenter. All
configurations are capable of radiographic, fluoroscopic, and
volumetric CBCT imaging. Our clinic is equipped with four
OBI !units A, G, H, and I" and six Synergy !units B, C, D, E,
F, and J" systems.

Our clinic relies on volumetric image guidance, using the
CBCT capabilities of our systems, to verify patient position-
ing and develop monitoring of radiation therapy. The advan-
tages of the volumetric approach over the two-dimensional
approach include the ability to address patient rotations that
may confound planar image matching, enhanced soft tissue
contrast allowing image matching not only to bony struc-
tures, but also to soft tissues, and direct linkage of the volu-
metric data sets to the treatment isocenter of the accelerator
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mined by the voxel size and scale, should to be assessed
periodically as this parameter impacts reconstructed images
and the accuracy of recommended table shifts. Causes of
discrepancies may include drift in the encoders indicating the
distance and angles of mobile components of the volumetric
imaging system and service manipulations. To verify voxel
size and image scale, one can analyze images of objects of
well-known sizes within the CatPhan phantom; the distances
between these objects are also known. Using in-house soft-
ware !Fig. 1"b#$, we have been comparing the distance be-
tween these objects on axial slices and assessed that the dis-
tances measured by the reconstruction software agrees,
within !1 mm, with those of the phantom. Therefore, a
single scan of the CatPhan phantom yields several QA pa-
rameters that can be obtained, offline, with a small cost in
time. This procedure was repeated, on a monthly basis, on
six of our units "B, C, D, E, F, and J# over at least 7 months
for each unit.

Second, the CatPhan phantom allows the measurement of
the spatial resolution of the volumetric imaging systems us-
ing a method adapted from Droege.13,14 Briefly, the modula-
tion is measured from the 21 square wave patterns, with
spatial frequencies ranging from 1 to 21 cycles/cm, found in
the CatPhan high resolution module. Cone-beam images of
these patterns are analyzed to measure the modulation in
each of the patterns to yield a square-wave response function
that is subsequently converted to a modulation transfer func-
tion "MTF# using the methods of Droege13 and Coltman.15

Since the patterns are made of aluminum, beam hardening
artifacts are less likely to interfere with the measurement. To
assess the effect of the cone-beam artifact on the MTF,16 the
phantom was scanned with the square wave patterns first
aligned with the isocenter axial plane, and subsequently 4
and 8 cm away from the isocenter plane on unit E.

There is no universally accepted value for field unifor-
mity. Uniformity was assessed by comparing the mean pixel
value in five standard 1 cm2 areas, located at the center of
the phantom "CTcenter# and at four locations at the phantom
periphery "CTperiphery# areas of the volumetric images, as de-
termined by our in-house software !Fig. 1"b#$. These mean
pixel values were used to calculate the integral nonunifor-
mity using

Integral nonuniformity =
CTmax − CTmin

CTmax + CTmin

, "1#

where CTmin and CTmax are the minimum and maximum val-
ues, respectively, of the pixels in the five 1 cm2 areas. This
procedure was repeated, on a monthly basis, on six of our
units "B, C, D, E, F, and J# over at least 7 months for each
unit. We also have evaluated the amount of capping or cup-
ping by evaluating, for each system, a uniformity index "UI#
defined by the maximum percent difference between each of
the peripheral areas and the central area17; a positive UI in-
dicating cupping, while a negative UI indicates capping

UI =
100 " "CTperiphery − CTcenter#

CTcenter

. "2#

FIG. 1. Images acquired with volumetric CT showing the definition of QA
metrics used to analyze image quality. "a# Image of the CatPhan phantom.
"b# Interface of the analysis software. "c# Verification of image scale. "d#
Assessment of image uniformity.
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Images acquired with volumetric CT showing
the definition of QA metrics used to analyze
image quality. A) Image of the CatPhan
phantom. C) Verification of image scale. D) 
Assessment of image uniformity. 
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The clinical introduction of volumetric x-ray image-guided radiotherapy systems necessitates for-
mal commissioning of the hardware and image-guided processes to be used and drafts quality
assurance !QA" for both hardware and processes. Satisfying both requirements provides confidence
on the system’s ability to manage geometric variations in patient setup and internal organ motion.
As these systems become a routine clinical modality, the authors present data from their QA
program tracking the image quality performance of ten volumetric systems over a period of 3 years.
These data are subsequently used to establish evidence-based tolerances for a QA program. The
volumetric imaging systems used in this work combines a linear accelerator with conventional
x-ray tube and an amorphous silicon flat-panel detector mounted orthogonally from the accelerator
central beam axis, in a cone-beam computed tomography !CBCT" configuration. In the spirit of the
AAPM Report No. 74, the present work presents the image quality portion of their QA program; the
aspects of the QA protocol addressing imaging geometry have been presented elsewhere. Specifi-
cally, the authors are presenting data demonstrating the high linearity of CT numbers, the unifor-
mity of axial reconstructions, and the high contrast spatial resolution of ten CBCT systems !1–2
mm" from two commercial vendors. They are also presenting data accumulated over the period of
several months demonstrating the long-term stability of the flat-panel detector and of the distances
measured on reconstructed volumetric images. Their tests demonstrate that each specific CBCT
system has unique performance. In addition, scattered x rays are shown to influence the imaging
performance in terms of spatial resolution, axial reconstruction uniformity, and the linearity of CT
numbers. © 2008 American Association of Physicists in Medicine. #DOI: 10.1118/1.2900110$
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I. INTRODUCTION

Image-guided radiation therapy is rapidly becoming a key
component, not only of conventional treatments, but also a
crucial requirement for high precision techniques such as ex-
tracranial radiosurgery and for further dose escalation.1,2

Low dose verification images obtained before, during, or im-
mediately after delivery of radiation therapy provides oppor-
tunities to correct positioning errors that may hinder the ef-
fectiveness of radiation therapy, reveal internal organ
motions, and monitor internal changes in the anatomy that
may result from the delivery of radiation therapy. Commer-
cial linear accelerators vendors have released kilovoltage im-
aging systems mounted on the accelerator gantry, thereby
allowing two-dimensional image acquisition and volumetric
imaging, based on cone-beam computed tomography
!CBCT", using low radiation doses.

The successful implementation of CBCT requires a qual-
ity assurance !QA" program that not only involves robust and
intuitive quality control checks of the equipment,3,5 but also
thoughtful image-guidance processes based on measurement
of positional uncertainties and considering the practicalities
of patient throughput.6 We have outlined such a program in
an earlier publication6 and have presented the results of our
QA program for the geometric accuracy of CBCT systems in
another.4 In this article, we are addressing the image quality

aspects of our CBCT QA and suggest tolerances for QA tests
based on over 3 years of clinical use within our institution.

II. METHODS AND MATERIALS

II.A. System description and basis for QA

Kilovoltage image-guidance systems consist of a retract-
able conventional x-ray tube and amorphous silicon x-ray
detector mounted at 90 degrees !Synergy, Elekta Oncology
Systems, Crawley, UK and OBI, Varian, Palo Alto, CA" from
the treatment beam central axis.7 The image-guidance system
is nominally aligned with the treatment beam isocenter. All
configurations are capable of radiographic, fluoroscopic, and
volumetric CBCT imaging. Our clinic is equipped with four
OBI !units A, G, H, and I" and six Synergy !units B, C, D, E,
F, and J" systems.

Our clinic relies on volumetric image guidance, using the
CBCT capabilities of our systems, to verify patient position-
ing and develop monitoring of radiation therapy. The advan-
tages of the volumetric approach over the two-dimensional
approach include the ability to address patient rotations that
may confound planar image matching, enhanced soft tissue
contrast allowing image matching not only to bony struc-
tures, but also to soft tissues, and direct linkage of the volu-
metric data sets to the treatment isocenter of the accelerator
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Linearity of the CT numbers has been assessed to estab-

lish baselines values at commissioning time. We have also

examined the stability of the CT numbers under different

scatter conditions by imaging the CatPhan phantom fitted

within an annulus shaped after the thoracic phantom de-

scribed in the IEC Standard 61675-1. The resulting CT num-

bers were compared with those obtained with the CatPhan

alone.

On the Synergy platform, the imaging technique for the

CatPhan 500 multislice CT phantom is as follows. The phan-

tom was first placed at isocenter. A series of approximately

650 two-dimensional !2D" projection images were captured

at 5.5 frames per second as the gantry was rotated for 360

deg. Individual projection images were 1024!1024 in size

with a pixel pitch of 0.4 mm and 16 bit depth. Each of these

projection images was corrected using offset and gain cali-

brations described earlier and the bad pixels were replaced.

The corrected images are then apodized using a 2!2 uni-

form window and then resampled to a 512!512 image. The

volumetric image is reconstructed on a 540!520!540 grid

with a pixel pitch of 0.5 mm3. A flat but gantry-angle depen-

dent scatter correction is applied to each projection before

back-projection.18 This correction is also dependent on the

exposure level. On the OBI platform, the imaging technique

used approximately 640 2D projections captured at ten

frames per second for a 360 deg gantry rotation. Each pro-
jection was 1024!768 with a pixel pitch of 0.194 mm with
a 16 bit depth. Again, the offset, gain, and bad pixel correc-
tions were applied. The corrected images were subsequently
rebinned using a 2!2 uniform window and resampled to
512!512 axial images. The resulting pixel pitch was
0.39 mm!0.39 mm with a slice thickness of 2.5 mm.

A second series of tests were performed, with field size
narrowed down to 10 cm at isocenter from the field size used

at standard acceptance conditions, in order to assess the ef-
fect of reduced scatter on uniformity !units B, C, D, E, and
F" and spatial resolution !unit F".

II.B.3. Proposed quality assurance program and
schedule

Table I summarizes the image quality components of the
QA program currently used at the Princess Margaret Hospital
for volumetric imaging systems. As the clinical introduction
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FIG. 2. Signal-to-noise ratio in the calibration flood field, measured on unit
F over a period of 26 months. Over this period, the x-ray tube of this unit
was replaced twice.

TABLE I. Recommended image quality QA for a kilovoltage imaging system mounted on an accelerator. Tol-

erances and frequency may change according to expectations, experience, and performance. Tests denoted with

an asterisk indicate minimal tests required after replacing system components.

Frequency Procedure Tolerance

Daily or Detector stability and system performance

each use Dark image calibration acquisition before each scan

Six-monthly or Imaging system performance

after Gain stability* Replace/refresh

service Defect maps* Replace/refresh

Image quality

Scale and distances*
"1 mm

Uniformity Baseline

High contrast spatial resolution* 2 mm

CT number accuracy Baseline

Low contrast detectability Baseline

Artifacts* Absence

Annual or Review of daily and monthly test results Complete

after service
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Multiple beam orientations, coinciding in the tumor
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Evolution of delivery techniques of the last 20 years
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“Dose sculpting hitting the target avoiding other tissues”
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Going beyond intensity-modulation

Conventional radiotherapy techniques employ photon beams to treat tumors.

Protons offer a more advantageous depth-dose profile.

Tumor

From K. Souris
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The range modulator wheel has different thicknesses along it rotation. 
The beam is fixed and the when the wheel rotates, the thickness of matter crossed by 
the beam changes, modifying the range of the beam and therefore modifying the Bragg 
peak depth.
There are several steps i, each of them corresponding to a range shift and thus to a 
spefici depth-dose curve Di.
The thickness of the step defines the range shift, while its azimuthal length defines the 
weight of the ith depth-dose curve in the SOBP creation.
The beam is stopped when wi equal to zero are needed (i.e. when the maximum SOBP 
length is not needed). The number of non-zero wi determine the size of the SOBP.

18

Courtesy G. Janssens
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Advantages of proton beams
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Collimator
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Physical scatter foils and compensators 
are replaced by magnets!
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Typical installation: inside the treatment room
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Typical installation: behind the walls…
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Proton therapy physics in a nutshell
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• Important interaction mechanisms for heavy particles
– (Inelastic) collisions with bound atomic electrons (a)
– Elastic scattering (b)
– Nuclear interactions (c)

R158

with the atomic nucleus, nuclear reactions, and Bremsstrahlung. To a !rst-order approxima-
tion, protons continuously lose kinetic energy via frequent inelastic Coulombic interactions with 
atomic electrons. Most protons travel in a nearly straight line because their rest mass is 1832 
times greater than that of an electron. In contrast, a proton passing close to the atomic nucleus 
experiences a repulsive elastic Coulombic interaction which, owing to the large mass of the 
nucleus, de"ects the proton from its original straight-line trajectory. Non-elastic nuclear reac-
tions between protons and the atomic nucleus are less frequent but, in terms of the fate of an 
individual proton, have a much more profound effect. In a nuclear reaction, the projectile proton 
enters the nucleus; the nucleus may emit a proton, deuteron, triton, or heavier ion or one or 
more neutrons. Finally, proton Bremsstrahlung is theoretically possible, but at therapeutic proton 
beam energies this effect is negligible. Table 1 summarizes the proton interaction types, interac-
tion targets, principal ejectiles, in"uence on the proton beam, and dosimetric manifestations. We 
review these interaction mechanisms, except proton Bremsstrahlung, in the following sections.

2.1. Energy loss rate

The energy loss rate of ions, or linear stopping power, is de!ned as the quotient of dE and 
dx, where E is the mean energy loss and x is the distance. It is frequently more convenient to 

Figure 1. Schematic illustration of proton interaction mechanisms: (a) energy loss 
via inelastic Coulombic interactions, (b) de"ection of proton trajectory by repulsive 
Coulomb elastic scattering with nucleus, (c) removal of primary proton and creation 
of secondary particles via non-elastic nuclear interaction (p: proton, e: electron, n: 
neutron, γ: gamma rays)

Topical ReviewPhys. Med. Biol. 60 (2015) R155



Inelastic collisions with bound atomic electrons are the main 
cause of the deceleration of the protons, which leads to the 
stopping powers
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Elastic scattering with target nuclei is the main reason why 
protons do not travel straight
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estimation, the ionization potential uncertainty of the different
element crossed (nozzle component, water phantom) and the scor-
ing resolution. In this study, we did not simulate the nozzle, but we
compared simulated ranges in a water phantom to NIST values.
The ionizaton potential was used as a ‘‘free parameter”, as dis-
cussed in Section 3.4. Thus, the simulated range accuracy depends
mainly on the scoring grid resolution. As millimetric dosels were
used along the beam axis, we assumed that a 0.5 mm range accu-
racy could be achieved, or better. In Fig. 7(a), one can observe that
the resolution of 1 mm for calculations and measurements was too
small, because the peak was not correctly covered. At higher en-
ergy however, the peak width was larger and better covered,
hence, one could expect a better range estimation. Simulated
ranges laid within 0.3 mm of set ranges. Peak dose deviations
and mean point-to-point dose deviations were about 1%. Results
are summarized in Table 8.

The dose statistical uncertainty of our MC calculation was about
0.8% in the plateau region and about 0.4% in the Bragg-peak region.
Consequently, these results were in good agreement with the
measurements.

6.2. Transverse dose profiles in PMMA

The simulation of the lateral dose spreading of individual pencil
beams was assessed against measurements for three energies
(98.71, 153.01 and 210.56 MeV). Transverse profiles were mea-
sured at several depths in a PMMA phantom using radiochromic
films, as presented in Fig. 6(b). The beam energy parameters were
determined from the previous depth-dose profile simulations.

The dose response mechanism of radiochromic films is not lin-
ear with dose and depends on the particle’s Linear Energy Transfer
(LET) [32,33]. Radiochromic films show a significant under-re-

sponse in the Bragg-peak region, because of quenching effects
due to high-LET particles [32,33]. The radiochromic film’s dose re-
sponse has been modeled following a logarithmic relation in [32],
as shown in Eq. (8):

ODnetðDeff Þ ¼ logða0 $ Deff þ 1Þ ð8Þ

with a0 the film’s response parameter, ODnetðDeff Þ the net optical
density after irradiation with an effective dose Deff , which depends
on the particle LET and dose deposit D. For low LET, Deff ’ D. As the
LET increases, Deff becomes lower than D, illustrating the film’s un-
der-response.

The particle LET increases as its remaining range decreases with
penetration in water. Hence, for depth-dose profile measurements,
the film’s response dependence on LET has to be accounted for.
Since our measurements were transverse to the beam direction,
the LET lateral variations were neglected in first approximation.
Additional tests using MC showed that, as the depth of calculation
increased, the mean LET value was slightly higher on the side of the
transverse profiles compared to the center. This suggests a lower
dose response on the side of the transverse profiles compared to
the center (due to quenching effect), which may lead to an under-
estimation of the FWHM in depth. However, it has been stated in
[34], that radiographic films and diodes, which are detectors that
are also sensitive to the energy spectrum of protons, can be safely
used to measure distributions perpendicular to the proton beam
direction.

We compared the film’s OD FWHM ðFWHMODÞ increase to the
simulated transverse dose profile FWHM ðFWHMsimuÞ increase
with depth. A Gaussian fit on the radiochromic film OD measured
at the beam entrance was performed using the ROOT software [35]
for the three energies. The spot FWHM in the x- and y-directions
were then used as input parameters in the simulations, so that
FWHMsimu ¼ FWHMOD at the phantom entrance. The measured
spot widths (sigma in OD) were between 3 and 6 mm depending
on the energy. The uncertainty of radiochromic film measurements
was estimated to 5% for MD-55-2 films in [36]. The FWHM uncer-
tainty of the fit was estimated to be 0.1 mm.

Assuming FWHMdose the true dose FWHM, it follows from the
logarithmic relationship between OD and dose (Eq. (8)), that for
a fixed FWHMdose, the FWHMOD decreases while the dose decreases
(Fig. 9(b)). Hence, the true dose spreading increase with depth
should be even higher than the ‘‘OD spreading” increase with
depth, because the dose at the beam axis decreases with depth
(contrary to the integral dose). This is illustrated in Fig. 9.

Table 8
Assessment of depth-dose profiles in water, in terms of peak dose deviation ð!peakÞ,
mean point-to-point dose deviation ð!80Þ and range accuracy.The energy spread (rE in
%) adjusted in the simulations increased with decreasing energy within 0.1–0.6%, as
expected from the system (ESS).

RNoz (g/
cm2)

ENoz

(MeV)
rE simulation
(%)

!80 (%) !peak

(%)
Rsimu

(cm)

32.37 227.65 0.10 1.1 1.1 32.35
26.33 201.75 0.30 0.9 0.4 26.33
19.33 168.63 0.50 0.8 0.4 19.33
13.33 136.21 0.55 1.2 &0.8 13.31

7.55 98.71 0.60 1.2 0.4 7.52

a b

Fig. 9. (a) Simulated dose spreading with depth in PMMA of a 211 MeV proton beam with a circular spot of 3 mm sigma. While the integral depth-dose increases
continuously with depth, the depth-dose at the beam axis decreases with depth with a factor about 2 between the entrance and the Bragg peak and increases again within the
last 2 cm. (b) Illustration of the FWHMOD increase with increasing dose, compared to a constant FWHMdose of 3 mm, with a maximum dose varying between 1 and 8 Gy, for
two different film parameters: a0 = 1 and a 0 = 0.1. This comparison was only theoretical (without measurements), using the film’s dose response model presented previously
(Eq. (8)).
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with the atomic nucleus, nuclear reactions, and Bremsstrahlung. To a !rst-order approxima-
tion, protons continuously lose kinetic energy via frequent inelastic Coulombic interactions with 
atomic electrons. Most protons travel in a nearly straight line because their rest mass is 1832 
times greater than that of an electron. In contrast, a proton passing close to the atomic nucleus 
experiences a repulsive elastic Coulombic interaction which, owing to the large mass of the 
nucleus, de"ects the proton from its original straight-line trajectory. Non-elastic nuclear reac-
tions between protons and the atomic nucleus are less frequent but, in terms of the fate of an 
individual proton, have a much more profound effect. In a nuclear reaction, the projectile proton 
enters the nucleus; the nucleus may emit a proton, deuteron, triton, or heavier ion or one or 
more neutrons. Finally, proton Bremsstrahlung is theoretically possible, but at therapeutic proton 
beam energies this effect is negligible. Table 1 summarizes the proton interaction types, interac-
tion targets, principal ejectiles, in"uence on the proton beam, and dosimetric manifestations. We 
review these interaction mechanisms, except proton Bremsstrahlung, in the following sections.

2.1. Energy loss rate

The energy loss rate of ions, or linear stopping power, is de!ned as the quotient of dE and 
dx, where E is the mean energy loss and x is the distance. It is frequently more convenient to 

Figure 1. Schematic illustration of proton interaction mechanisms: (a) energy loss 
via inelastic Coulombic interactions, (b) de"ection of proton trajectory by repulsive 
Coulomb elastic scattering with nucleus, (c) removal of primary proton and creation 
of secondary particles via non-elastic nuclear interaction (p: proton, e: electron, n: 
neutron, γ: gamma rays)
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times greater than that of an electron. In contrast, a proton passing close to the atomic nucleus 
experiences a repulsive elastic Coulombic interaction which, owing to the large mass of the 
nucleus, de"ects the proton from its original straight-line trajectory. Non-elastic nuclear reac-
tions between protons and the atomic nucleus are less frequent but, in terms of the fate of an 
individual proton, have a much more profound effect. In a nuclear reaction, the projectile proton 
enters the nucleus; the nucleus may emit a proton, deuteron, triton, or heavier ion or one or 
more neutrons. Finally, proton Bremsstrahlung is theoretically possible, but at therapeutic proton 
beam energies this effect is negligible. Table 1 summarizes the proton interaction types, interac-
tion targets, principal ejectiles, in"uence on the proton beam, and dosimetric manifestations. We 
review these interaction mechanisms, except proton Bremsstrahlung, in the following sections.

2.1. Energy loss rate

The energy loss rate of ions, or linear stopping power, is de!ned as the quotient of dE and 
dx, where E is the mean energy loss and x is the distance. It is frequently more convenient to 

Figure 1. Schematic illustration of proton interaction mechanisms: (a) energy loss 
via inelastic Coulombic interactions, (b) de"ection of proton trajectory by repulsive 
Coulomb elastic scattering with nucleus, (c) removal of primary proton and creation 
of secondary particles via non-elastic nuclear interaction (p: proton, e: electron, n: 
neutron, γ: gamma rays)
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Effect on incident particle fluence
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incident on the absorber are stopped, although in some cases this is taken instead to mean 
half of the protons survived to near the end of range (i.e. neglecting protons removed by 
nuclear reactions).

The path of most protons in matter is a nearly straight line. On average, the proton’s path-
length is very nearly equal to its projected pathlength and range. This simple but important 
fact renders many proton range calculations tractable with relatively simple numerical or ana-
lytical approaches.

Let us !rst consider a simple numerical calculation of proton beam range. We use proton 
stopping power data and perform a 1D proton pathlength transport calculation on the assump-
tions that the ions travel only straight ahead (negligible lateral scattering) and that the protons 
lose energy in a continuous matter. (These assumptions are reasonable for many clinical calcu-
lations, but we examine then relax these assumptions in later sections.) In this case, the range 
(R) may be calculated as
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where E is the ion’s initial kinetic energy. The summation denotes that the continuous trans-
port is approximated by calculations of discrete steps. In fact, as discussed above, this equa-
tion  actually gives the pathlength, which is an excellent approximation of range in most 
clinical situations. Figure 2 plots proton range in water calculated by using equation (5).

Next, we calculate the proton range using an analytical approach, which may be faster and 
more practical than the numerical approach for many clinical calculations. We begin by noting 

Figure 3. Relative fraction of the #uence Φ in a broad beam of protons remaining 
as a function of depth z in water. The gradual depletion of protons from entrance to 
near the end of range is caused by removal of protons from nuclear reactions. The 
rapid falloff in the number of protons near the end of range is caused by ions running 
out of energy and being absorbed by the medium. The sigmoid shape of the distal 
falloff is caused by range straggling or by stochastic #uctuations in the energy loss 
of individual protons.
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The dose contribution of nuclear secondaries has also been previously studied by Golovachik
et al (1989) using Monte Carlo calculations for proton energies between 2 and 600 MeV. The
ratio of the dose from primary protons to the dose from secondary protons and the dose from
heavier particles was given as approximately one and two orders of magnitude, respectively.
Our findings are in accordance with these earlier results but go beyond these studies in the
secondary particle spectrum tracked.

The measurements of microdosimetric distributions as a function of lineal energy are well
suited to detect high-LET components in mixed radiation fields. Proton beams with energies
between 155 and 250 MeV have dose contributions of up to a few per cent from events having
lineal energies, y > 150 keV µm−1, i.e. from particles heavier than protons (Kliauga et al 1978,
Becker et al 1997, Binns and Hough 1997, Coutrakon et al 1997, Robertson et al 1994). For a
160 MeV beam this contribution was measured as ≈2% in the SOBP and ≈5% at 2 cm distal
to the SOBP (Kliauga et al 1978). Our values for a dose contribution of LET > 150 keV µm−1

are ≈0.2% in the SOBP and ≈4% at 2 cm distal.
Besides the nuclear interaction products liberated in the patient, there is an additional

background due to the secondary particles from the beam delivery system. The yield of nuclear

Physical neutron dose

§ Maximum 1% of therapeutic 
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§ Of order of 0.1% for active 
systems

§ Estimated in Paganetti et al 
2012 to less than 0.04% 
(excluding the delivery system)

§ !! Needs to be scaled by a 
proper weighting factor which 
can be great for neutrons!!
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interactions and secondaries will depend on the beam delivery system resulting in differences
in the primary proton energy distributions even for similar target doses (Paganetti and Goitein
2000, Paganetti and Schmitz 1996). Agosteo et al (1998) calculated the dose deposited by
secondary neutrons and photons for specific proton-treatment situations. They concluded that
the maximum dose due to uncharged secondaries produced in a passive beam delivery system
is in the order of 10−4 and 10−2 Gy per therapy Gy for eye (65 MeV beam) and deep-seated
tumour treatments (200 MeV beam), respectively. For a 200 MeV active beam delivery system
dose in the order of 10−3 Gy per therapy Gy was given. Binns and Hough (1997) found neutron
doses between 4.7 × 10−3 Gy and 1.1 × 10−2 Gy per treatment Gy at the patient position for
a 200 MeV proton beam.

3.3. RBE distributions within the primary irradiated volume

Figure 6 shows the RBE values for the inactivation of V79 Chinese Hamster cells. For better
comparison, the RBE in the figure refers to a survival level equivalent to a 60Co dose of
2 Gy, despite the variation in dose throughout the Bragg curve. The RBE proximal to the
Bragg peak and in the distal and lateral fall-off regions is higher if the lower dose compared to
the Bragg peak dose (2 Gy 60Co) is considered since RBE is dose dependent for most endpoints
(Wouters et al 1996).

From the individual fluence and energy distributions for the primary and secondary
particles we can calculate RBE values when one or more reaction channels are ‘turned off’.
One has to keep in mind that one cannot calculate individual RBE values for each particle type
and scale each particle’s dose contribution. The calculation of RBE must be on the basis of the
total dose. The summation of biological doses is not linear. The significance of contributions
from primary protons, secondary protons and secondary helium ions is illustrated in figure 6.
When the protons have lost a large amount of their kinetic energy at the end of the Bragg curve
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Neutrons have low relevance for radiotherapy, but are very 
important for radioprotection
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Radiation protection aspects in proton therapy

Prompt radiation (exposure to staff/public)

Delayed radiation (due to activation):
• Exposure of (maintenance) personnel

• Procedures/personal dose monitoring

• Emissions to environment can lead to exposure of public
• Disposal of activated waste, room ventilation
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Equivalent dose = absorbed dose * radiation weighting factor (𝑊!) in Sievert (Sv)

Type Energy range 𝑊!

Photons, electrons all 1

Neutrons < 1 MeV 2.5 + 18.2exp[-(ln(E))2/6]

1 MeV - 50 MeV 5.0 + 17.0exp[-(ln(2E))2/6]

> 50 MeV 2.5 + 3.25exp[-(ln(0.04E))2/6]

Protons 2

Alpha, fission fragments,
heavy nucleai

all 20



Radiation weighting factor for neutrons
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• Neutrons most deleterious at ~1 MeV where the radiation weighting factor ~ 20
• Average weighting factor of 7 for proton therapy produced neutrons



Basics of radiation protection in PT (neutron irradiation)

Neutrons have a stronger radiobiological effect than X-rays for a same 
physical dose

They have complex physics of transport in matter. Hydrogen interacts a 
lot with neutrons. Therefore, materials enriched with hydrogen are very 
welcome for shielding
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Radiation protection in proton therapy: practical matters



10
8

ProteusPLUS ProteusONE

Two main configurations of IBA system

One Isochronous Cyclotron
One Energy Selection System
+ Multiple Rooms (different types)
+ Multiple Beam Delivery Techniques

One synchro-cyclotron
One Energy Selection System
One Room
One Beam Delivery Technique



Collimator (70-230 MeV on Ta)

Cyclotron (230 MeV on Fe/C)

Degrader (230 MeV on C)

Momentum slit (70-230 MeV on Ni)

Patient (70-230 MeV on Tissue)

Divergence slits (70-230 MeV on Ni)

Energy selection system (degrader + collimator + slits) common to all cyclotron-based systems

Radiation sources in Proteus One (machine foreseen in Leuven 
and Charleroi)
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Radiation protection questions in proton therapy

• For staff:
• What is the shielding necessary to obey Belgian law? 

• For patients
• What is the dose due to secondary radiation like neutrons, either coming from

machine elements, or the patient itself?
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machine elements, or the patient itself?
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Shielding design for proton therapy facilities
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Shielding design for proton therapy facilities

might however not be perfectly realistic, this aspect was also
assessed experimentally by comparing the WENDI-2 measure-
ments to the H*(10) rates derived from the neutron spectra
measured by the BSS. These H*(10) measurements were also
checked for consistency with the TEPC measurements, which rely
on microdosimetric principles (see section 2.4).

Another main goal of this work was to investigate the impact of
the selected physics models (available within MCNPX) on the
simulated neutron spectra and H*(10) rates. As will be explained in
section 2.6, two versions of the same simulation are compared in
this paper: one using, as in (De Smet et al., 2014b), the default
models Bertini & Dresner (Bertini, 1969, 1963) (Dresner, 1961), the
other using the CEM03 model (Mashnik et al., 2008, 1998).

2. Methods and procedures

2.1. Overview of the experimental set-up

The proton therapy facility of Essen possesses a ©C230
isochronous cyclotron (manufacturer: IBA), which accelerates
protons up to a fixed energy of approximately 230MeV. The Energy
Selection System in the cyclotron room allows reducing the proton
energy to a value in the range of 70MeVe230MeV according to the
specific treatment needs. The facility possesses three gantry
treatment rooms, as well as a Fixed-Beam Treatment Room (FBTR)
equipped with an eye treatment line and a multi-purpose fixed-
beam line (for e.g. intracranial, head-and-neck and prostate treat-
ments). In this experiment, the multi-purpose fixed-beam line of
the FBTR was used.

A 64 ! 64 ! 45 cm3 water phantom was irradiated by a
226.7 MeV proton beam delivered in Uniform Scanning (US), an
active beam delivery mode in which the beam spot is scanned in a
regular 2D pattern over a predefined area (here: 19 cm ! 22 cm, at
the entrance of the phantom). The shape of the proton field is
shown in Fig. 1, which is the scan of a GafChromic sheet that was
temporarily placed on the vertical entrance plane of the phantom. A
schematic representation of the US treatment nozzle is also given in
Fig. 2. In this case, however, the scatterer, the range modulator and
the collimators were not used and no compensator was mounted
on the snout. The beam was thus simply scanned by means of the
scanning magnets. In this way, the production of neutrons inside
the treatment nozzle could be avoided, so that the secondary
neutron production in the FBTR arose from the water phantom
only. The phantom was positioned in such a way that the beam
isocentre lied in its vertical entrance plane, which was perpendic-
ular to the beam direction (see Fig. 3).

A high beam current of z25 nA, i.e. more than 5 times the
typical treatment current, was used for the neutron measurements
acquired outside the shielding. Moreover, the total irradiation time
of the experiment was of approximately 2 h, which is nearly 10
times the total irradiation time of one average day of treatment. In
fact, it was estimated that about 20% of the average annual

treatment workload was delivered during this single experiment.
Due to this, it was necessary to scan the beam into a large field. If a
steady beam spot directed at the isocentre had been used, there
would have been a high risk of destroying the ‘IC2-3’ ionization
chamber located in the nozzle (manufacturer: IBA). This chamber
only has an average lifetime of about 1 year in routine US treatment,
i.e. in conditions where the delivered proton charge is spread out
over a relatively wide area of the chamber (scanned beams). When
the scanning magnets are switched off, the entire workload is
concentrated into a spot at the centre of the ‘IC2-3’. In this case, the
proton flux at the centre of the ‘IC2-3’ would have been approxi-
mately 20 times larger than in the 19 ! 22 cm2

field (supposing a
spot diameter of 2.6 cm). As a consequence, the central region of
the chamber would very likely have been damaged during the
experiment if the beam had not been scanned.

To normalize the neutron measurements for the comparison
with the simulation results, it was necessary to determine the
proton charge delivered to the water phantom. This was measured
in an independent way, by means of a Bragg Peak Chamber Type
34070 (PTW, 2008) placed at the isocentre. The Bragg Peak
Chamber is an ionization chamber of ~8 cm in diameter. Since it is
not large enough for the 19 ! 22 cm2

field, the proton charge
delivered during the neutron measurements was indirectly moni-
tored by means of the MUs recorded with the ‘IC2-3’ in the nozzle.
The relationship between these MUs and the number of deliveredFig. 1. Shape of the US field: scan of the irradiated GafChromic sheet on the vertical

entrance plane of the water phantom.

Fig. 2. Schematic representation of the US nozzle (manufacturer: IBA). In this exper-
iment, however, the scatterer, the range modulator and the X-/Y- collimator jaws were
not used (in order to avoid producing secondary neutrons inside the nozzle).

Fig. 3. Neutron measurement positions inside and around the FBTR.

V. De Smet et al. / Radiation Measurements 99 (2017) 25e40 27



• Complex task:
– Multiple sources with different target materials and beam energies;
– Neutron attenuation properties vary with direction and concrete depth;
– Complex geometries with thick barriers and mazes.

• Assumptions needed for simulating the amount of shielding needed:
– Facility drawings
– Radiation sources and beam losses (vs. Beam energy)
– Patient case mix:

• Clinical activities
• QA activities
• Maintenance activities

– Dose limits in public/controlled areas:
• Yearly dose rates
• Hourly dose rates 
• Instantaneous dose rates 114

Simulation of shielding design for proton therapy facilities
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Mazes should have a smart design
might however not be perfectly realistic, this aspect was also
assessed experimentally by comparing the WENDI-2 measure-
ments to the H*(10) rates derived from the neutron spectra
measured by the BSS. These H*(10) measurements were also
checked for consistency with the TEPC measurements, which rely
on microdosimetric principles (see section 2.4).

Another main goal of this work was to investigate the impact of
the selected physics models (available within MCNPX) on the
simulated neutron spectra and H*(10) rates. As will be explained in
section 2.6, two versions of the same simulation are compared in
this paper: one using, as in (De Smet et al., 2014b), the default
models Bertini & Dresner (Bertini, 1969, 1963) (Dresner, 1961), the
other using the CEM03 model (Mashnik et al., 2008, 1998).

2. Methods and procedures

2.1. Overview of the experimental set-up

The proton therapy facility of Essen possesses a ©C230
isochronous cyclotron (manufacturer: IBA), which accelerates
protons up to a fixed energy of approximately 230MeV. The Energy
Selection System in the cyclotron room allows reducing the proton
energy to a value in the range of 70MeVe230MeV according to the
specific treatment needs. The facility possesses three gantry
treatment rooms, as well as a Fixed-Beam Treatment Room (FBTR)
equipped with an eye treatment line and a multi-purpose fixed-
beam line (for e.g. intracranial, head-and-neck and prostate treat-
ments). In this experiment, the multi-purpose fixed-beam line of
the FBTR was used.

A 64 ! 64 ! 45 cm3 water phantom was irradiated by a
226.7 MeV proton beam delivered in Uniform Scanning (US), an
active beam delivery mode in which the beam spot is scanned in a
regular 2D pattern over a predefined area (here: 19 cm ! 22 cm, at
the entrance of the phantom). The shape of the proton field is
shown in Fig. 1, which is the scan of a GafChromic sheet that was
temporarily placed on the vertical entrance plane of the phantom. A
schematic representation of the US treatment nozzle is also given in
Fig. 2. In this case, however, the scatterer, the range modulator and
the collimators were not used and no compensator was mounted
on the snout. The beam was thus simply scanned by means of the
scanning magnets. In this way, the production of neutrons inside
the treatment nozzle could be avoided, so that the secondary
neutron production in the FBTR arose from the water phantom
only. The phantom was positioned in such a way that the beam
isocentre lied in its vertical entrance plane, which was perpendic-
ular to the beam direction (see Fig. 3).

A high beam current of z25 nA, i.e. more than 5 times the
typical treatment current, was used for the neutron measurements
acquired outside the shielding. Moreover, the total irradiation time
of the experiment was of approximately 2 h, which is nearly 10
times the total irradiation time of one average day of treatment. In
fact, it was estimated that about 20% of the average annual

treatment workload was delivered during this single experiment.
Due to this, it was necessary to scan the beam into a large field. If a
steady beam spot directed at the isocentre had been used, there
would have been a high risk of destroying the ‘IC2-3’ ionization
chamber located in the nozzle (manufacturer: IBA). This chamber
only has an average lifetime of about 1 year in routine US treatment,
i.e. in conditions where the delivered proton charge is spread out
over a relatively wide area of the chamber (scanned beams). When
the scanning magnets are switched off, the entire workload is
concentrated into a spot at the centre of the ‘IC2-3’. In this case, the
proton flux at the centre of the ‘IC2-3’ would have been approxi-
mately 20 times larger than in the 19 ! 22 cm2

field (supposing a
spot diameter of 2.6 cm). As a consequence, the central region of
the chamber would very likely have been damaged during the
experiment if the beam had not been scanned.

To normalize the neutron measurements for the comparison
with the simulation results, it was necessary to determine the
proton charge delivered to the water phantom. This was measured
in an independent way, by means of a Bragg Peak Chamber Type
34070 (PTW, 2008) placed at the isocentre. The Bragg Peak
Chamber is an ionization chamber of ~8 cm in diameter. Since it is
not large enough for the 19 ! 22 cm2

field, the proton charge
delivered during the neutron measurements was indirectly moni-
tored by means of the MUs recorded with the ‘IC2-3’ in the nozzle.
The relationship between these MUs and the number of deliveredFig. 1. Shape of the US field: scan of the irradiated GafChromic sheet on the vertical

entrance plane of the water phantom.

Fig. 2. Schematic representation of the US nozzle (manufacturer: IBA). In this exper-
iment, however, the scatterer, the range modulator and the X-/Y- collimator jaws were
not used (in order to avoid producing secondary neutrons inside the nozzle).

Fig. 3. Neutron measurement positions inside and around the FBTR.

V. De Smet et al. / Radiation Measurements 99 (2017) 25e40 27

Mazes
•Radiation at maze entrance consists of 
neutrons that scatter through the maze

•Forward-directed radiation from target should
never be aimed toward the maze opening

•Sum of thicknesses of each maze wall should
equal thickness of the direct-shielded wall

•As number of legs increases, the attenuation
increases

•The legs should be perpendicular to each
other

•Reducing maze cross-section area reduces
dose at entrance 

•At least two scatters are desirable

http://ptcog.ch/archive/conference_p&t&v/PTCOG52/PresentationsEW/E-25-Ipe.pdf

http://ptcog.ch/archive/conference_p&t&v/PTCOG52/PresentationsEW/E-25-Ipe.pdf
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Mazes should have a smart design

5 June 2013 PTCOG52 EW Ipe 3131

Mazes 
• Radiation at maze entrance 

consists of neutrons that scatter 
through the maze; and capture 
gamma rays

• Forward-directed radiation from  
target should never be aimed 
toward the maze opening 

• Sum of thicknesses of each maze 
wall should =  thickness of the 
direct-shielded wall 

• As  number of legs increases, the 
attenuation increases

• The legs should be perpendicular 
to each other

• Reducing maze cross-section area  
reduces dose at entrance

• At least two scatters are desirable

PTCOG Report 1

5 June 2013 PTCOG52 EW Ipe 32

Pseudo Maze
• Maze appears to have 

two legs
• Legs are  not at 90 

degrees to each other 
• Single scatter from 

source reaches maze 
entrance with very 
little attenuation

• Poor design
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Good maze Bad maze

http://ptcog.ch/archive/conference_p&t&v/PTCOG52/PresentationsEW/E-25-Ipe.pdf

http://ptcog.ch/archive/conference_p&t&v/PTCOG52/PresentationsEW/E-25-Ipe.pdf
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Proteus ONE modeling (machine in Leuven and foreseen in 
Charleroi) 



• The annual dose determination around the Proteus®ONE vault is based 
upon a realistic patient case mix established by IBA clinical director and 
based upon our experience in PT treatments.

• This Proteus®ONE patient case mix is based upon the following usage:
– Clinical Operation = 4800 hours/year

• 16 hours/day (2 shifts)
• 6 days/week
• 50 weeks/year

– Patients treated per year = 435
– Fractions (2 Gy) per year = 16660

• The yearly fractions are divided into 4 major types of indications 
corresponding to groups of tumors. 

• The model also include fractions devoted to QA activities (morning QA 
and patient QA).

118

Proteus®ONE (machine in Leuven and foreseen Charleroi) : 
Annual Dose Determination
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Indications Min. Range 
(g/cm2)

Max. Range 
(g/cm2) Field size (cm2) Annual Dose (Gy) w(1Gy) (nA.s) wiso (nA.h)

Head & Neck
8 18 7.7 x 7.7 5090 7.29 10.31

2 12 7.7 x 7.7 5090 6.27 8.87

Lung Tumor
8 20 7.9 x 7.9 4307 8.39 10.04

4 17 7.9 x 7.9 4307 8.36 10.01

Sarcoma
20 32 10.1 x 10.1 5612 15.42 24.04

15 27 10.1 x 10.1 5612 14.89 23.22

Pediatric
8 18 18.6 x 18.6 1653 42.09 19.33

2 12 18.6 x 18.6 1653 36.46 16.74

QA – low R 4 14 10 x 10 1200 12.04 4.013

QA – medium R 13 23 10 x 10 1200 13.78 4.593

QA – high R 22 32 10 x 10 1200 15.75 5.250
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Annual Patient Case Mix Utilisation effective de la 
machine pour 1h de 
traitement (tout compris
(positionnement, prise en
charge…))

Utilisation de la machine pour 
obtenir 1Gy (courant de protons 
x temps d’irradiation)



Position
Barrier

thickness
(m)

Max. H*(10)
(µSv/year)

A 2.8 392.2
B 2.0 148.5
C 1.8 to 2.4 275.5
D 1.4 to 2.0 108.0
E 2.0 325.2
F 2.8 347.9
G 2.8 397.8
H 2.5 390.2
I 1.9 233.4
J 2.1 356.6
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Proteus®ONE Annual dose rates
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Radiation protection questions in proton therapy

• For staff:
• What is the shielding necessary to obey Belgian law? 

• For patients
• What is the dose due to secondary radiation like neutrons, either coming from

machine elements, or the patient itself?
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Figure 4. Depth–dose distributions (Bragg peak normalized to 100%) for a 160 MeV proton beam
incident on a water phantom. The upper figure shows the total dose and the dose due to primary and
secondary protons. The lower figure compares, on a logarithmic scale, the doses due to different
types of particles (solid lines: primary p, secondary α and d; dashed lines: secondary p, 3He, t). A
vertical line indicates the position of the maximum of the Bragg peak.

The dose contribution of nuclear secondaries has also been previously studied by Golovachik
et al (1989) using Monte Carlo calculations for proton energies between 2 and 600 MeV. The
ratio of the dose from primary protons to the dose from secondary protons and the dose from
heavier particles was given as approximately one and two orders of magnitude, respectively.
Our findings are in accordance with these earlier results but go beyond these studies in the
secondary particle spectrum tracked.

The measurements of microdosimetric distributions as a function of lineal energy are well
suited to detect high-LET components in mixed radiation fields. Proton beams with energies
between 155 and 250 MeV have dose contributions of up to a few per cent from events having
lineal energies, y > 150 keV µm−1, i.e. from particles heavier than protons (Kliauga et al 1978,
Becker et al 1997, Binns and Hough 1997, Coutrakon et al 1997, Robertson et al 1994). For a
160 MeV beam this contribution was measured as ≈2% in the SOBP and ≈5% at 2 cm distal
to the SOBP (Kliauga et al 1978). Our values for a dose contribution of LET > 150 keV µm−1

are ≈0.2% in the SOBP and ≈4% at 2 cm distal.
Besides the nuclear interaction products liberated in the patient, there is an additional

background due to the secondary particles from the beam delivery system. The yield of nuclear

Physical neutron dose

§ Maximum 1% of therapeutic 
Gy for passive systems

§ Of order of 0.1% for active 
systems

§ Estimated in Paganetti et al 
2012 to less than 0.04% 
(excluding the delivery system)

§ !! Needs to be scaled by a 
proper RBE which can be great 
for neutrons!!
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R158

with the atomic nucleus, nuclear reactions, and Bremsstrahlung. To a !rst-order approxima-
tion, protons continuously lose kinetic energy via frequent inelastic Coulombic interactions with 
atomic electrons. Most protons travel in a nearly straight line because their rest mass is 1832 
times greater than that of an electron. In contrast, a proton passing close to the atomic nucleus 
experiences a repulsive elastic Coulombic interaction which, owing to the large mass of the 
nucleus, de"ects the proton from its original straight-line trajectory. Non-elastic nuclear reac-
tions between protons and the atomic nucleus are less frequent but, in terms of the fate of an 
individual proton, have a much more profound effect. In a nuclear reaction, the projectile proton 
enters the nucleus; the nucleus may emit a proton, deuteron, triton, or heavier ion or one or 
more neutrons. Finally, proton Bremsstrahlung is theoretically possible, but at therapeutic proton 
beam energies this effect is negligible. Table 1 summarizes the proton interaction types, interac-
tion targets, principal ejectiles, in"uence on the proton beam, and dosimetric manifestations. We 
review these interaction mechanisms, except proton Bremsstrahlung, in the following sections.

2.1. Energy loss rate

The energy loss rate of ions, or linear stopping power, is de!ned as the quotient of dE and 
dx, where E is the mean energy loss and x is the distance. It is frequently more convenient to 

Figure 1. Schematic illustration of proton interaction mechanisms: (a) energy loss 
via inelastic Coulombic interactions, (b) de"ection of proton trajectory by repulsive 
Coulomb elastic scattering with nucleus, (c) removal of primary proton and creation 
of secondary particles via non-elastic nuclear interaction (p: proton, e: electron, n: 
neutron, γ: gamma rays)

Topical ReviewPhys. Med. Biol. 60 (2015) R155
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Figure 5. Depth–dose distributions for a modulated 160 MeV proton beam incident on a water
phantom in linear scale (upper figure) and in a logarithmic scale showing the contributions of light
and heavier secondaries. The dose is laterally summed to the limits of the dose plateau (±3 cm).

interactions and secondaries will depend on the beam delivery system resulting in differences
in the primary proton energy distributions even for similar target doses (Paganetti and Goitein
2000, Paganetti and Schmitz 1996). Agosteo et al (1998) calculated the dose deposited by
secondary neutrons and photons for specific proton-treatment situations. They concluded that
the maximum dose due to uncharged secondaries produced in a passive beam delivery system
is in the order of 10−4 and 10−2 Gy per therapy Gy for eye (65 MeV beam) and deep-seated
tumour treatments (200 MeV beam), respectively. For a 200 MeV active beam delivery system
dose in the order of 10−3 Gy per therapy Gy was given. Binns and Hough (1997) found neutron
doses between 4.7 × 10−3 Gy and 1.1 × 10−2 Gy per treatment Gy at the patient position for
a 200 MeV proton beam.

3.3. RBE distributions within the primary irradiated volume

Figure 6 shows the RBE values for the inactivation of V79 Chinese Hamster cells. For better
comparison, the RBE in the figure refers to a survival level equivalent to a 60Co dose of
2 Gy, despite the variation in dose throughout the Bragg curve. The RBE proximal to the
Bragg peak and in the distal and lateral fall-off regions is higher if the lower dose compared to
the Bragg peak dose (2 Gy 60Co) is considered since RBE is dose dependent for most endpoints
(Wouters et al 1996).

From the individual fluence and energy distributions for the primary and secondary
particles we can calculate RBE values when one or more reaction channels are ‘turned off’.
One has to keep in mind that one cannot calculate individual RBE values for each particle type
and scale each particle’s dose contribution. The calculation of RBE must be on the basis of the
total dose. The summation of biological doses is not linear. The significance of contributions
from primary protons, secondary protons and secondary helium ions is illustrated in figure 6.
When the protons have lost a large amount of their kinetic energy at the end of the Bragg curve
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Activation of materials

• Neutrons can activate materials

• Recommendations for handling “hot” materials (i.e. phantom that has just been 
irradiated for long time)

• Recommendations for keeping distance with nozzle and collimation parts



§ Interactions of proton beams with matter generate complex fields
of secondary neutrons and photons.

§Monte Carlo simulation codes are an ideal tool to address the 
radiation protection challenges created by this new kind of cancer 
therapy:

§ Shielding design around the equipment

§Out-of-field radiation doses to patient
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Conclusions



Thank you!


