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Foreword

Quality control of cone-beam computed tomography (CBCT) systems is an essential part of quality assurance to periodi-
cally check that quality requirements are met, reduce uncertainties and errors and reduce the likelihood of accidents and 
incidents. Radiation exposure levels must be measured to ensure that patient doses associated with CBCT examinations 
are kept as low as reasonably achievable consistent with the required diagnostic information. The main purpose of this 
document is to present procedures for quality control of CBCT systems used for dental, radiotherapy, interventional 
radiology and guided surgery applications.

The ‘Quality control in cone-beam computed tomography’ is the second of the series on quality control protocols. The 
European Federation of Organizations for Medical Physics (EFOMP) published the first document on ‘Quality Controls in 
digital mammography’ in 2015. These books are freely available online at efomp.org and can be used as both, in-depth 
working guides to everyday practice and an up-to-date reference sources for medical physicists engaged in quality con-
trol of medical imaging systems.

This book is the result of the experience and knowledge of an international group of leading medical physics experts and an 
excellent illustration of the synergy that can be achieved when every team member works at their best and collaboratively fol-
lows the whole process through its completion. Representing the European Medical Physics professional-scientific communi-
ty (EFOMP), I would like to thank each co-author for sharing their invaluable expertise and insights and especially the Group 
Leader Dr. Hugo de las Heras Gala and the Past Chair of the EFOMP Education and Training Committee Dr. Alberto Torresin. 

Prof. John Damilakis 
EFOMP President (2015-2017)
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CHAPTER 1 

Introduction 

The goal of quality assurance (QA) is to provide health care practitioners with consistent and reliable diagnostic image 
quality with regard to patient radiation dose, in conformance with manufacturer specifications and present regulatory 
demands. QA is initiated with the analysis of the need and the purchase specifications of a device, continues at the instal-
lation of a cone-beam computed tomography (CBCT) unit, where baseline measurements are performed, and extends 
until end of life for a given unit to ensure functionality. Furthermore, QA shall provide actionable information to initiate 
corrective maintenance when required. 

As part of QA, quality control (QC), as defined by EURATOM1, “means the set of operations (programming, coordinat-
ing, implementing) intended to maintain or to improve quality. It includes monitoring, evaluation and maintenance at 
required levels of all characteristics of performance of equipment that can be defined, measured, and controlled”. Dif-
ferent practitioners perform QC tests and measurements depending on present regulatory demands. Manufacturer 
representatives, as well as medical physicists, additionally evaluate results from QC testing.

Motivation 
Current guidelines for quality control of cone-beam CT (CBCT) and general documents on radiology physics regard the 
different CBCT applications (dental, radiotherapy, interventional radiology and guided surgery) as different entities2,3. 
However, the data acquisition, reconstruction and the test parameters for image quality and dose evaluation are the 
same. This guideline was born to unify the image quality controls for all CBCT systems. A further unification with multi 
slice CT systems, which are closely related to CBCT, is planned for a future edition. 
 
In the past few years, the concern about doses received by patients undergoing CT scans has grown in parallel with the 
number of examinations performed per year worldwide. Different initiatives, like the EUROsafe4, Image Gently5, Image 
Wisely6 or recent efforts by the AAPM and EFOMP recommending standard protocols for different common indications, 
have been developed. This document is part of them. 
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In the particular case of external radiotherapy, patients undergo high energy x-ray treatments with total absorbed doses 
in the range of several tens of Gy. In addition, for image-guided radiotherapy (IGRT) several CBCT scans are performed 
on the patient during treatment7. In this regard, the present document focuses on the quality control of the CBCT system 
and not the whole IGRT system. Adaptive radiotherapy (ART) has been considered as an extension of IGRT.

Our unifying approach 
Test parameters and methods have been sought so they can be used to assess the image quality and the exposure re-
lated to any CBCT device. Detailed procedures using free software have been included for the image quality evaluation. 
Action levels and frequency of the tests are indicated together with references wherever possible. However, due to a lack 
of long worldwide experience with applications of CBCT in radiotherapy, interventional radiology and guided surgery, the 
recommended action levels for these modalities are still not as well established as in the dental field8,9,10. 

For quantitative (or technical) image quality evaluation, the recently developed technology for CBCT is well served by 
objective measures for quality control, such as contrast-to-noise11 ratio and the modulation transfer function9,10 (MTF). 
These objective measures are reproducible, they are not dependent on the observer and they can be conveniently 
assessed by computer software. The new measures have been proposed as methods to quantitatively and objectively 
assess image quality, so replacing the evaluation and measures based on contrast detail objects and bar patterns, which 
have been in use for quality control for more than 20 years12, 13, 14, 15, 16.
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This guideline includes the minimum tests that should be performed to ensure proper functioning of the CBCT devices. 
The tests have been limited to image quality and dosimetric checks, which can be easily (and thus often) performed by 
technicians and physicists with a minimum of experience anywhere in the world. They provide a means to evaluate the 
whole imaging chain with a minimum effort. If the dose or the image quality deviate from expected values, or exceed the 
action levels, the support from a service engineer or a more time-consuming analysis of the device is required.
  
Purpose 
The purpose of this document is to present an objective, practical and unifying procedure for quality control of CBCT. 
This includes CBCT for dental, radiotherapy, interventional radiology and guided surgery applications. Simplicity in ter-
minology and methodology has been favoured in every occasion where different but equivalent terms or methods were 
available. The proposed tools and procedures aim to simplify the work of professionals involved in the quality control 
of CBCT, but they may also satisfy the research interest of many physicists in objective comparisons among different 
technologies17-21. Finally, consensus among the group and with existing national and international guidelines has been 
pursued to define action levels for the different technologies. 

Structure 
Previous work related to CBCT devices is outlined in chapter 2, together with short descriptions and references to per-
form conventional tests that are necessary, but not specific, for CBCT.  
Chapter 3 describes the image quality test parameters. Each section provides a definition and an explanation for the 
need to perform the test. Afterwards, the recommended methods to measure this parameter are described in detail, 
and action levels are suggested. Several phantoms that enable the recommended tests to be performed are presented 
in chapter 4.  



EFOMP-ESTRO-IAEA protocol  |  17

Two alternative solutions for radiation dosimetry for quality control are described in chapter 5.

The appendix contains important remarks that are not necessarily part of the quality controls described in this document. 

British spelling has been substituted by US spelling in the cases where the word is literally contained in software from the 
US (such as “analyze” within ImageJ).
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CHAPTER 2 

Review of previous work 

The ICRP publication 129 Radiological protection in cone beam computed tomography (CBCT)22 constitutes the most 
recent international effort to provide recommendations for quality control of CBCT devices. However, the recommenda-
tions are focused on the measurement of dose and they only briefly mention measurements of image quality. 
 
Action levels for CBCT image quality parameters can be found in the recent European Criteria for acceptability of medical 
radiological equipment used in diagnostic radiology, nuclear medicine and radiotherapy3. However, this document only 
refers to dental applications of CBCT and does not go into detail.  

The most recent and practical guidelines, directed to the end users of dental CBCT, are the work of German and British 
institutions, as well as the evidence based guidelines of the European Union8,9,10. 

The German standard DIN 6868-16110 Acceptance testing of dental radiographic equipment for digital cone beam com-
puted tomography and its complementary DIN 6868-1523 provide a complete and detailed method for acceptance and 
constancy tests in dental CBCT applications. The method focuses on objective image quality and point dose measurements. 

The British guidelines Guidance on the safe use of dental CBCT equipment9 include some detail about image quality and 
dose measurements, but it focuses on a comprehensive approach to all aspects related to handling CBCT devices.
  
The European document: Cone beam CT for dental and maxillofacial radiology. Evidence based guidelines8 also provides 
comprehensive recommendations that are useful for handling CBCT devices. In terms of image quality, this document 
focuses on the use of one single phantom for image quality measurements. 
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CHAPTER 2 / Review of previous work 

Regarding applications of CBCT to radiotherapy, the French guideline Radiothérapie guidée par l’image - contrôle de 
qualité des équipements à rayons X - Rapport SFPM N° 2924 summarizes the different controls in tables. The controls are 
presented and adapted according to the different manufacturers and the frequencies are adapted to the clinical routine. 
Other useful information is given in the AAPM guideline Quality assurance for image-guided radiation therapy utilizing 
CT-based technologies25.

Regarding applications of CBCT to interventional radiology, angiography and guided surgery then to the authors1 best 
knowledge there is no information apart from the research work indicated in the corresponding sections of this work.
 
The recent publication by IAEA, Diagnostic radiology physics: a handbook for teachers and students2 is recommended for 
giving general information about the concepts that are handled in these guidelines.

This section includes short descriptions and advice for finding references describing additional, conventional tests that 
are not specific to CBCT technology. These recommendations do not supersede existing national regulations.  

X-ray tube potential
Using a digital kV meter, the x-ray tube potential over a range of values that contain all the clinically used kV settings is 
measured and must be within ±5 kilovolts or ±10 percent, whichever is greater, of the indicated value8,26,27,28.  

2.1 | Conventional tests
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X-ray tube leakage
Using a suitable leakage detector, the air kerma from leakage at 1m from the focal spot can be measured. This must be 
done at every rating specified by the manufacturer, averaged over an area not bigger than 100 cm2 and must not exceed 
1 mGy/h26,27,29. A comprehensive description of the test can be found in references 8 and 30.   

Total Filtration 
Using a suitable meter of half-value layer (HVL) or aluminium filters, the equivalent aluminium HVL is measured for a 
range of x-ray tube potentials and is used to determine the total beam filtration26, 27. Alternatively, you can also use a 
suitable meter that directly measures total beam filtration. The total filtration should be equivalent to at least 2.5 mm Al. 
More information can be found in references 8 and 30. 
  
Repeatability of radiation output
Using a radiation dosimeter, the consistency of the radiation output for at least three exposures using constant exposure 
parameters is found26,27. The calculated coefficient of variation must be less than or equal to 5 %30. Using a multifunction 
meter, the consistency of the x-ray tube potential and the exposure time can be verified8.  

Reproducibility of radiation output 
This test monitors the effect that x-ray tube potential, current and exposure time have on radiation output7. Using a 
radiation dosimeter, measurements of radiation output are made at a range of x-ray tube potentials and at a range of 
clinically used current-exposure time product (mAs) settings8. The calculated coefficient of variation must be less than or 
equal to 10 %31.

CHAPTER 2 / Review of previous work 
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Beam collimation 
Citing reference 2, “limiting the radiation field to the area of interest will both reduce the radiation risk and improve 
image quality (as, for a smaller irradiated volume, less scattered radiation will reach the image detector)”. In CBCT it is 
particularly important to check that the radiation field is not larger than the dimensions of the detector. Fluorescent 
screens, film or the recently developed electronic x-ray ruler can be used for this purpose, the same way they have been 
used in the past to check proper collimation in mammography, tomosynthesis or fluoroscopy32.

Using these tools, the decay of the x-ray intensity along the field edge (beam penumbra) is measured. The position at 
which the intensity decays to one half of its maximum is assumed to be the actual position of the edge. This position 
should ideally not deviate from the expected beam edge by more than 2 % of the focus-to-detector distance (FDD). How-
ever, a larger deviation is acceptable if the total deviation (of all four edges) is not larger than 4 % of the FDD. Image slice 
thickness / Resolution in the z-direction 

A test phantom with inclined plates is needed in order to measure the profile of the z-sensitivity over a representative 
sample of clinically used slice thicknesses. The measured value must be within ±1 mm or ±20 percent, whichever is the 
greater, of the indicated value26,27.  
Equivalently a measurement of the spatial resolution in the z axis may be performed (See end of section 3.6).  

Image display 
Quality control for image displays is explained in detail in guidelines for mammography, such as the recent EFOMP guide-
lines33. As a practical rule, the room illumination hitting the monitor should be between 20 and 60 lux.

CHAPTER 2 / Review of previous work
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In addition, the luminance from a purely white screen in the monitor should be above 200 cd/m2. If this value is between 
350 and 500 cd/m2one should make sure that this strong luminance is not uncomfortable for the radiologists.

Image artefacts 
The absence of strong artefacts should be regularly checked in all kinds of x-ray devices. Some tests described in this 
guideline, such as the uniformity test of section 3.1., will help to detect cupping artefacts. However, ring and crescent 
artefacts may not be detected by the described tests. For this reason, an additional visual inspection of the images is 
recommended even if all the tests described in this guideline are passed.

A complete description of artefacts in CBCT, specifically focused on dental CBCT can be found in the appendix of ref-
erence 10. A short description of artefacts in computed tomography can be found in section 11.6.4 of reference 2. A 
detailed description of artefacts in tomography, including CBCT, can be found in reference 34.

Operator protection 
Operator doses should be as low as reasonably achievable (ALARA). The radiation protection requirements should be as-
sessed by a radiation protection expert (such as a radiation protection adviser in the UK, Sachverständige in Germany or 
unidad técnica de protección radiológica (UTPR) in Spain). Measurements made during installation to confirm adequate 
protection must be provided30,35.

CHAPTER 2 / Review of previous work
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CHAPTER 3 

Image Quality Parameters 

Introduction 
The following parameters have been selected for image quality control of CBCT devices: uniformity, voxel density values, 
geometry evaluation, noise, low-contrast resolution and spatial (high-contrast) resolution. Each one of them is explained 
in this chapter. Practical hints to measure and evaluate them, as well as recommended test frequencies, are given. Al-
though monthly tests would be desirable for all modalities, in general test frequencies and action levels are stricter for 
radiotherapy applications. This is because the CBCT images are often used in the context of image guided radiotherapy 
(IGRT) to aid the accuracy of the delivery (patient/tumour positioning before the delivery and/or within treatment frac-
tions) and can be used sometimes to (re-)plan a treatment in adaptive radiotherapy (ART).

If additional or more frequent tests are recommended by the manufacturer these should also be undertaken. 

Introduction 
Ideally the images should show the same quality across the whole of the image and therefore, testing the uniformity is an 
essential quality control test. A lack of uniformity is usually unavoidable though, especially because of the heel effect (see 
5.3.3 in reference 18) but also due to the detector (see 4.5.2. in reference 18) and, specifically for tomographic modali-
ties, due to beam hardening and other artefacts (see 11.2.1. and 11.6.4. in reference 2). This section presents methods 
to objectively quantify uniformity.

Definition 
Uniformity is a measure of the CBCT scanner´s ability to produce an image of a homogeneous object with mean pixel 
values that do not depend on the position of the pixel. 

3.1 | Uniformity 
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Purpose 
Checking the axial uniformity regularly is one of the simplest methods to make sure that there are no functional errors 
(appearing as artefacts) affecting the reconstruction. In particular, for all applications (e.g. radiotherapy) that rely on 
quantitative measurements in the image (e.g., mean Hounsfield value in a region of interest, ROI, drawn inside a patho-
logical structure) the uniformity is a crucial parameter.

Equipment 
For this test one phantom is strictly needed: a head phantom (diameter approximately 16 cm). Although an additional 
Teflon ring can be used to simulate the cranial bone, especially for brain studies, its use is not necessary for the purpose 
of QC. In the case of a device being used also for body scans, a body phantom (diameter approximately 32 cm) is recom-
mended to check the body imaging protocols (for example in radiotherapy CBCT). 
 
Both phantoms should be cylindrical, homogeneous and ideally made of water (in this case distilled water is recommend-
ed), but any plastic material that will produce images with mean Hounsfield values (for medical CT scanners) between 
-50 and +50 HU may also be used. 
 
The length of the phantom (in the z-direction), for constancy tests, should be at least 2 cm. For absolute measurements 
and inter-device comparisons, this length should be at least two times the maximum extension of the x-ray beam in the 
z-direction at the isocentre. 

Test frequency 
In radiotherapy, the uniformity test should be performed at acceptance and once a month afterwards. The frequency 
could be reduced to every 4 months after stability has been demonstrated. In addition, the test should be performed 
after a breakdown of the system. 
For dental and interventional radiology applications, annual tests are enough, but monthly tests are desirable. 

CHAPTER 3 / Image Quality Parameters / Uniformity 
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CHAPTER 3 / Image Quality Parameters / Uniformity 

Procedures 
The phantom is centred at the isocentre. Images are acquired using the largest pixel size and tube current available. The 
most common value(s) of the tube voltage (kVp) should be used. A stack of images with a slice thickness of around 2 mm 
should be produced.
Then, one of the following two methods may be used to check the uniformity. 

Procedure 1: xyz uniformity curves 
Uniformity is evaluated in all images by placing five circular ROIs as indicated in figure 3.1.1. The diameter of each ROI 
should be approximately 20% of the diameter of the phantom. The peripheral ROIs should not be placed too close to the 
phantom edge, as this will affect the mean pixel value.
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CHAPTER 3 / Image Quality Parameters / Uniformity 

The ROI values are plotted in a diagram as five curves with mean ROI values on the y-axis and z-coordinate on the x-axis. 
At acceptance, the values measured are used as baseline values for following QA procedures. Following any service 
change in the device that may affect the uniformity new baseline values should be produced.

FIGURE 3.1.1. Position of the ROIs for the calculation of the uniformity.  
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CHAPTER 3 / Image Quality Parameters / Uniformity 

Procedure 2: DIN method 
The DIN standard describes an evaluation of the axial uniformity using the five ROIs shown in figure 3.1.1, but for a single 
axial image. The procedure can be summarized as follows10:

1.	 Obtain the mean pixel value of each ROI (centre, top, bottom, left and right).
2.	 Obtain the average, HM, of the five values obtained in step 1.
3.	 Calculate the difference between HM and each of the five values obtained in step 1.
4.	 Select the maximum of the five differences, Dmax.
5.	 Obtain the uniformity, U, as

The advantage of this procedure is that it is independent of the chosen scale range of the pixels in the evaluated systems 
(because Dmax is normalized by the CNR). Although the DIN procedure does not evaluate the uniformity along the z axis, the 
proposed method can be repeated in different reconstruction slices to check the uniformity in other axial planes if desired.

The measurements can be performed in any workstation linked to the equipment without the need to extract the imag-
es. To perform the evaluation in external software (e.g., ImageJ) the DICOM image files need to be retrieved first. 

|P1-P2|
Dmax

U = 
where |P1-P2| is the contrast between two materials (defined 
as part of the CNR in section 3.5). In the DIN standard those 
materials are PMMA and PVC.

Freeware tip: To measure average pixel values, as required to check the uniformity, the freeware ImageJ40 can be used. For this 
purpose, open the desired DICOM image using the menu File -> Open, select the rectangular or the circular tool and draw an ROI 
in the desired position. To obtain the mean pixel value in that region, use the menu Analize -> Measure. A pop-up window con-
taining a table of results will show the mean of the pixel values and the standard deviation in the columns “mean” and “StdDev”. 

[3.1.1.]
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Action levels 
For the results of procedure 1, the deviation from baseline values should not exceed ± 10 HU18 in radiotherapy applica-
tions. For dental and interventional radiology applications, the action levels should follow manufacturer specifications. In 
any case, the uniformity should be below 10 % of the difference between the air and water-like regions.

Following procedure 2 (DIN method), the value of the uniformity should be above five10 for all applications. This action 
level has proved reasonable for dental applications. In radiotherapy, this value might be too lax for images used for dose 
calculations (currently under research), so it should be revised once evidence has been collected from practice. 

If you wish to obtain the result of more parameters, use the menu within the pop-up window “Results -> Set measurements” 
and tick the box next to the values you would like to obtain. Click OK and repeat the measurement. 

CHAPTER 3 / Image Quality Parameters / Uniformity



34  |  Quality control in cone-beam computed tomography (CBCT)

CHAPTER 3 / Image Quality Parameters / Geometrical Precision

Introduction 
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 limitations of the reconstruction algorithms, are responsible for limitations of the geometrical 
accuracy of CBCT images. Therefore, it is essential to regularly check the geometrical calibration of the CBCT.

In general, two features must be checked to evaluate the geometrical stability of the CBCT equipment: the geometrical 
accuracy, i.e., that the positioning of the movable components is spatially reproducible, and that the linearity, i.e., the 
relative spatial relationship of the imaged structures, is reflected in the CBCT image. For the specific case of radiotherapy 
CBCT equipment, a further control that the image space obtained with the CBCT system is accurately related to the radi-
ation beam geometry must also be included in the QC procedure.

Image reconstruction for CBCT is usually performed with 3D back-projection (Feldkamp37) methods that take into ac-
count the particulars of the imaging method, as opposed to conventional CT, where 2D back-projection is generally used.  

The reconstruction algorithms generally perform well near the isocentre, but their accuracy usually decreases further away 
from the isocentre, and consequently distortions and resolution degradations can be expected in the longitudinal direction.  

3.2 | Geometrical accuracy 
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From this perspective, geometrical controls of linearity should be performed in several regions of the reconstructed 
image, in the transversal plane as well as in the direction parallel to the rotation axis. By extending these considerations, 
HU constancy (see section 3.3.) should be checked in several regions in the reconstructed image and the performance of 
the algorithm should also be checked for small and large phantoms. 

Definitions 
Geometrical accuracy: the movable components are spatially reproducible. 

Linearity: the relative spatial relationship of the imaged structures is linearly reflected in the CBCT image. 
Spatial stability (for radiotherapy equipment): the image space obtained with the CBCT system is rigidly related to the 
radiation beam geometry. 

Purpose 
The purpose of the test is to monitor the geometrical accuracy and the linearity of the CBCT image. For radiotherapy, a fur-
ther test is recommended aimed at monitoring the position of the imaging isocentre in relation to the treatment isocentre. 

Equipment 
Geometric accuracy is checked using dedicated phantoms with embedded ball bearings or other bead structures. To 
check linearity, phantoms with known internal structures or grids are required. Dedicated phantoms are necessary to 
check for spatial stability.

CHAPTER 3 / Image Quality Parameters / Geometrical Precision
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Test frequency 
In radiotherapy, at least monthly checks are recommended after acceptance, but the frequency could be reduced after 
stability has been demonstrated. The recommended frequencies of the controls from the manufacturers for the verifi-
cation and recalibration of the imaging systems should also be followed, unless studies have been performed showing 
that these frequencies can safely be reduced (see references 25, 38 and 39).

The coincidence of the treatment and imaging isocentres should be checked daily either with planar imaging or with 
CBCT. The frequency of the CBCT controls could be adapted according to the complexity of the treatment techniques 
used and the weight of CBCT for image guidance.

For dental and interventional radiology applications, annual tests are enough if no upgrade of the system has occurred, 
but monthly tests are desirable.

Procedures 
Imaging a phantom with several structures with known dimensions can be used to check the linearity performance of 
the CBCT equipment (see an example in Figure 3.2.1). Grid phantoms would probably offer the best means to perform 
linearity checks both in the transversal plane, as well as in the axial plane, as part of the QA program.  
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FIGURE 3.2.1.Illustration of geometrical measurements on a phantom. The 90-degree angle (1) and the 60 mm-side 
of the air gap (2) can be used to check the linearity in the xy-plane.

Freeware tip: To measure angles and distances in the DICOM image, the freeware ImageJ40 can be used. For this purpose, 
select the straight line or the angle tool, click on the image object that you want to measure (see Figure 3.2.1) and select 
“measure” on the Analyze menu. A pop-up window containing a table of results will show the values of the angle and/or the 
length on the right columns. 
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The geometrical stability of the CBCT systems is usually checked with a variation of the Winston-Lutz procedure from stere-
otactic radiosurgery41. The procedure involves the placing of a bead near the mechanical isocentre of the CBCT system and 
comparing the positions of the sphere on the imaging device relative to the position of the image centroid for several pro-
jection angles. The apparent movement of the image of the ball on the projection images used for reconstruction provides 
a measure of the mechanical movement (sag and flex) of the CBCT components as a function of the projection angle42,43. 
The plot of the distance between the projected isocentre and the nominal isocentre is known as a flexmap and could be 
used to correct for mechanical imperfections of the CBCT system. Flexmap corrections remove the blur in the images due 
to mechanical imperfections. Special phantoms and methods based on this test have been reported in references 44, 45 and 46.  

Several options for phantoms and methods are available for checking the agreement between imaging and treatment 
isocentre for radiotherapy CBCT. These range from in-house developments to manufacturer specific recommendations 
like the Penta-Guide47 used by Elekta and IsoCal used by Varian (Figure 3.2.2). The performance recommendations, how-
ever, would vary depending on the intended use of the CBCT imaging. Thus, a stricter tolerance should be required for 
treatment platforms delivering stereotactic treatments38,48. 
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FIGURE 3.2.2.Set-up (upper left), phantom image (upper right) and software interface (bottom) used on Varian 
accelerators to check the agreement between treatment and imaging isocentres (reproduced with permission 

from Varian Medical Systems).
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Action levels
For radiotherapy applications, TG14238 recommends tolerances better than 2 mm for conventional treatments and better 
than 1 mm for stereotactic radiosurgery or stereotactic body radiotherapy (SRS/SBRT), both for geometrical scaling and for 
imaging and treatment coordinate coincidence.

UK9 and SEDENTEXCT8 guidelines have a tolerance of 0.5 mm for linearity in dental CBCT devices. A value of 1 mm is sug-
gested in this document because it is difficult to ensure an uncertainty below 0.5 mm in this kind of measurement. For 
interventional radiology applications, a tolerance of 2 mm should be applied if there are no stricter indications from the 
manufacturer.

The DIN standard for dental CBCT10 does not explicitly mention the test of geometrical precision. It is nevertheless included 
in the test for “spatial resolution of the reconstruction”. In this test, the Nyquist frequency FN of the reconstruction is calcu-
lated from the known thickness of a highly attenuating object. Comparing the result with the actual pixel size provides an 
objective method to check linearity. Spatial stability (required for radiotherapy) and geometrical accuracy are part of the 
“visual and functionality tests”, also included in the DIN standard. The geometrical definition of the DIN phantom allows for 
further software analysis of geometrical distortion. These are not mandatory for acceptance and constancy test of dental 
equipment to keep the efforts in a reasonable range.
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Introduction 
Voxel density values describe the different x-ray attenuation properties of matter in a tomographic image. The more 
radiodense the material is in the image, the higher is the voxel density value.

It is important to be able to distinguish between the different 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 accu-
rately 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 adaptive radiotherapy, which is currently an active area of research. To this respect, a 
robust method could be to segment and assign bulk densities (see for example reference 49).

The relationship between physical (or electron) density and voxel density values can be influenced by many different factors:

•	� Scattered radiation in the image, caused by x-rays being scattered from the patient and the detector, which can artifi-
cially increase or decrease the voxel density.

•	� Beam hardening, resulting in the central part of dense objects being effectively subject to harder x-rays than the pe-
riphery, hence the object appears as if it were less radiodense at the centre (cupping artefact).

•	� The presence of very high density materials (e.g. a tooth implant), causing the x-ray beam to be almost fully attenuated, 
which leads to dark streaks being visible on the image.

3.3 | Voxel density values  



42  |  Quality control in cone-beam computed tomography (CBCT)

CHAPTER 3 / Image Quality Parameters / Voxel Density Values

•	� The whole patient not being contained within the field of view, which can yield changes in voxel values. The image 
reconstruction process assumes that all the x-ray attenuation occurs within the imaging volume, therefore when part 
of the patient is outside the image volume (the part outside the image volume is referred to as the exomass) voxel 
densities values will be altered. This is particularly applicable to dental CBCT where only a small part of the patient’s 
jaw is contained within the field of view (FOV) and the majority of the patient is outside.

•	� The version of the imaging software that is being used.

Definition 
Radiodensity values are typically defined using Hounsfield units (HU). This scale was originally defined for conventional 
computed tomography but the same principles apply for CBCT.

The HU scale is related to the linear attenuation coefficient of a material, where water is defined with a HU of 0 and air 
with a HU of -1000. Materials are then assigned a HU value based on the following formula:

where µx is the linear attenuation coefficient of the material in question and µwater and µair are the linear attenuation coeffi-
cients of water and air, respectively. It is important to note that some CBCT units, especially many dental CBCT units, do not 
use the HU scale and instead just report a greyscale value. Greyscale values are assigned during the image reconstruction 
process such that, usually, a value of 0 is the lowest image density (e.g. air) up to a maximum greyscale value (usually be-
tween 210 [1024] and 216 [65536] depending on the particular machine) of a very radiodense material. 

Purpose 
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 baseline values. 

HU = 1000 ×
μχ - μwater

μwater - μair

[3.3.1.]
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Equipment
A test phantom containing a number of materials of varying densities is required. Ideally, these materials should cover 
the whole range of densities likely to be seen in clinical practice and should include the two standard materials of the 
HU scale, air and water (or a water-equivalent solid material). An example of such a phantom for dental applications is 
shown in Figure 3.3.1. 

Test Frequency 
Voxel density values should be measured at commissioning of the x-ray set, after any major maintenance (including 
software upgrades) and as part of the routine QA programme at the following frequencies: in dental and interventional 
radiology, the tests should be performed at least annually. In radiation therapy, a monthly frequency is recommended. If 
any software upgrades have been carried out, this may affect the calibration between physical density and voxel values, 
in which case new baseline values would need to be established.

CHAPTER 3 / Image Quality Parameters / Voxel Density Values 

FIGURE 3.3.1. Example of a voxel density value phantom used for dental CBCT containing air, low-density polyethylene 
(LDPE), Teflon and acrylic inserts.
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Procedure 
An axial slice should be selected in the image, and voxel density values from each material in the test phantom should be 
measured. The reported values for this test should always include the mean and standard deviation

The average voxel density in the material should be compared to reference values. An example image of a test phantom 
is shown in figure 3.3.2. 

Freeware tip: You can use free software like ImageJ40 to measure the voxel density values. For this purpose open the axial 
slice containing the materials, select the rectangular or the oval tool and draw a region of interest containing at least 30 pix-
els corresponding to one single material and avoiding the edges (See figure 3.3.2 below). To measure the density value, click 
on “Measure” under the “Analyze” menu (or use the key shortcut CTRL+m). The average voxel density value (in the scale of 
Hounsfield units or in the scale chosen by the manufacturer) appears in the column “Mean”. The standard deviation appears 
in the column “StdDev”.  
If the value of the standard deviation does not appear in the results pop-up window, go to “Results -> Set measurements” 
and tick the box next to “standard deviation”. Click OK and repeat the measurement.
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It is essential to position the test phantom exactly in the same way during the constancy tests, because the relative 
contribution of factors affecting density values could change significantly for different positions of the phantom. For the 
same reason all the exposure parameters must be kept constant for periodic tests, and the ROI measurements must 
be performed using the same slice. The test phantom should ideally have a smaller diameter than the imaging FOV to 
remove issues associated with the exomass.

Action levels 
The requirement for voxel density values should be a certain tolerance on the expected voxel value. As a minimum this 
should include values for air and water. If images are not calibrated to the HU scale then the requirement should be a 
certain tolerance from reference grey scale values, which should be reported by the equipment manufacturer as part of 
the equipment performance specification. 
Acceptable requirements will depend on the particular application. When measurements of physical density are used in 
clinical practice, very accurate results are required. Suggested action levels are presented hereafter. 

FIGURE 3.3.2.An axial slice view of the voxel density value phantom shown in figure 3.3.1.
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For dental applications, if the manufacturer does not specify any level, the action level is any density value that deviates 
from the baseline measurement by more than 25% of the difference between the values for water and air. For example, 
if the density value of air was -1000 and the value for water was 0, the applicable action level would be greater than ± 250. 

In interventional radiology applications, as well as in radiotherapy if images are used for dose calculations, an action level 
of ± 50 HU from the baseline value24 is recommended as a minimum requirement. However, it must be noted that dose 
calculation is still being a research topic and it is not implemented in the clinical routine.
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Introduction 
Image noise refers to the fluctuations in pixel values in the image that can mask lesions or structures of interest, inter-
fering with detection or diagnostic tasks.

Noise has three main contributions:

1.	� Electronic noise is the signal captured by a system in the absence of x-ray exposure. It can be related to dark cur-
rents inside the circuits or to the mechanism of image acquisition electronics. It represents a constant contribution to 
the variance of the pixel values. It can be reduced improving circuit and detectors design or with appropriate cooling 
systems in the detectors.

2.	� Quantum noise represents the pixel variations associated to the stochastic nature of radiation and can be modelled 
using a Poisson distribution. This is the most important contribution to noise in terms of quality control.

3.	 �Structural noise represents the objects or structures in the image that can be confounded with the target that is 
being looked for in the image, such as a lesion or tumour. If these structures are related to anatomical parts, one of 
the possible solutions is image subtraction or selecting the appropriate acquisition and reconstruction parameters 
to enhance the pixel value differences between lesions and their surroundings. Some artefacts can be regarded as 
structural noise.

Many acquisition and reconstruction parameters can be tuned to reduce image noise. For example, in CBCT applied to radi-
otherapy or conventional CT, different kV or mAs values can be selected depending on the patient characteristics or medical 
indication. Figure 3.4.1 depicts the effect of changing the mAs in image noise for the low contrast module of a phantom 
and how the visibility of the objects improves as the noise decreases. Image noise decreases with the square root of mAs.

3.4 | Noise
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A high noise level in the images is related to inconsistent attenuation values in the projection images, affecting the uniform-
ity of regions that correspond to the same tissue in the patient. This can produce artefacts in the reconstructed volume50. 

The acceptable noise level for CBCT dedicated to dentistry devices is normally higher than in conventional CT or other CBCT 
applications, because the high contrast between the studied tissues (teeth, bones and soft tissue) cancels out the effect of 
the high noise. See figure 3.4.2. for an example.  

CHAPTER 3 / Image Quality Parameters / Noise

CTDIvol= 5.7 mGy 
Pixel noise = 8.6 HU

CTDIvol= 11.3mGy 
Pixel noise = 5.9 HU 

CTDIvol= 22.6 mGy 
Pixel noise = 3.9 HU 

CTDIvol= 49.4 mGy 
Pixel noise = 2.8 HU 

FIGURE 3.4.1. Images of a phantom acquired varying the tube current (50, 100, 200, 400 mAs from left to right), 
corresponding to the indicated values of CT dose index (CTDIvol, see appendix 3).
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FIGURE 3.4.2.Example of an acceptable level of noise in dental CBCT (see “action levels” below).
The image corresponds to a small field of view obtained from a homogeneous PMMA phantom.

Definition 
The image noise corresponds to fluctuations in the values of the individual pixels inside a region of interest (ROI) in the 
image of a homogeneous phantom. 

Purpose 
The purpose of this measurement is to ensure that the level of noise in the images is not too high, and thus the visibility 
of structures or lesions is not compromised. A measurement of noise is also a simple method to detect failures in the 
performance of the x-ray device, by comparing the values with a performance baseline.  

Equipment 
The same phantom used for the uniformity is required for this test. 
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Test Frequency 
This test should be performed at acceptance, monthly, and after changes in the device. Depending on the work load and 
the use of the CBCT device, this frequency may be reduced to yearly tests. It may be performed as part of the measurement 
of contrast-to-noise ratio. 

Procedure 
Image noise is traditionally measured as the standard deviation of the pixel values within a ROI taken in the central region 
of a homogeneous section of a phantom, preferably equivalent in attenuation to water. The size of this ROI depends on the 
size of the phantom. If we take a too small ROI,the result may be affected by local inhomogeneity (in this case it is necessary 
to average the noise value between several slices, at least 5, see references 8 and 19). On the other hand, if the ROI is too 
big, the result may be affected by artefacts in the image. For this reason, the ROI should optimally be as large as possible 
taking care that no artefact is included.
 
Even if the ROI is large, it is recommended to measure noise in several consecutive axial slices, at least once during the 
acceptance test, to investigate the possible differences between different slices. These differences might arise during the 
acquisition and reconstruction process. At acceptance, a baseline has to be established to serve as a guide for future tests 
of the system.Note that if the difference between consecutive slices is lower than 20 %, it is enough to check the noise during 
constancy tests in one single slice. 

Freeware tip: You can use the free software ImageJ40 to perform the measurements of noise. For this purpose, select the 
rectangular or the oval tool, draw an ROI in the homogeneous portion of the phantom (see figure 3.4.4) and click “Measure” 
from the “Analyze” drop-down menu. If the value of the standard deviation does not appear in the results pop-up window, 
go to “Results -> Set measurements” and tick the box next to “standard deviation”. Click OK and repeat the measurement. If 
a stack of images is available, noise can be measured with the plugin “Stacks->Measure Stack”. 
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FIGURE 3.4.3. Left: Illustration of noise measurements in an image of a uniform phantom (acquired in a CT) used in 
radiotherapy selecting 120kV, 250 mAs, filter B and 2 mm as slice thickness). Image noise is 7.3 HU or 0.7% (mean pixel 
value for air = -1002 HU, mean pixel value of the background module = 14 HU). On the right, noise measurements in 

different controls for the same abdomen protocol for this unit are shown.

Action levels 
The measured image noise has to be within 20% of the reference value (baseline) for the reference protocols. Image 
noise is sometimes expressed as a percentage, dividing the statistical deviation by the difference in HU between the 
phantom material and air. It should be noted that, as many reconstruction and acquisition parameters affect image 
noise, this value should always be given together with the information related to the selected protocol in the acquisition 
as a reference (figure 3.4.3.). 
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Due to the fact that the actual factor affecting detectability is the relation between the contrast of a signal and the surround-
ing noise (or the contrast-to-noise ratio), the German standard DIN 6868-16110 foresees the measurement of noise only 
as an intermediate step to calculate the contrast-to-noise ratio. The corresponding action levels are thus defined for the 
contrast-to-noise ratio indicator (See section 3.5).

Optional Procedure: Calculation of noise power spectrum (NPS) 
The noise power spectrum (NPS) is a Fourier tool that shows the amount of each noise frequency present in a certain ROI. 
The integral of this spectrum gives the standard deviation. The NPS can be considered as a second level check when other 
results are inconsistent and there is no obvious explanation.

The NPS can be very useful for studying reconstruction algorithms or other parameters that influence the performance of 
small object detection of any x-ray device. Therefore, the NPS is included, for example, in the calculation of DQE (detective 
quantum efficiency). However, it is very difficult to come up with an easy method that enables a quantitative evaluation 
of NPS and the definition of consequent acceptance thresholds. For this reason, the NPS is not recommended for routine 
quality control. In spite of that, the NPS is recommended for optionally comparing the structure of the noise in different 
systems. For this purpose, a specific macro in the free software ImageJ40,52 has been created and is explained here. 
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Freeware tip: You can qualitatively analyse the NPS using ImageJ. For this purpose, open one slice corresponding to the 
reconstruction of a uniform portion of a phantom. Select an ROI inside this uniform portion of the phantom (avoid the edges 
of the container). In the main menu of ImageJ, click Process > FFT  > FFT.

For quantitative, more detailed analysis of the NPS, a specific macro for the free software ImageJ40,52 has been created and is 
found in appendix 5.The macro runs over a stack of tomographic images of a uniform phantom, and it computes the average 
2-dimensional NPS of the images in the stack. In order to run the macro, the user needs to download the macro, open ImageJ, 
open the image stack and run the macro using the command “Plugins/Macro/Run” and selecting the location of the macro.  

The macro returns the NPS obtained averaging the NPSs of all the images in the stack. The resulting NPS contains all 
noise sources: random noise and structural noise. The NPS is a 2-dimensional function as presented in Figure 3.4.4. If 
the 2-dimensional NPS has rotational symmetry a 1-dimensional NPS, as a function of the spatial frequency r = (u2 + v2)1/2, 
can be obtained performing an average radial profile53, as presented in Figure 3.4.5.
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FIGURE 3.4.4.Two-dimensional NPS

FIGURE 3.4.5 One-dimensional NPS obtained from the average radial profiles of the 2-dimensional NPS.
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One can also subtract pairs of images acquired in the same conditions so that the noise structural component is removed in 
the subtracted image. In this case, the macro will return an NPS containing only the random noise contribution. The resulting 
NPS should be divided by 2 because we do not want to count the random noise twice (there are two random contributions 
in the subtracted image). 

Finally, the random contribution of noise can be removed by averaging many images acquired in the same conditions. The NPS 
of the average image contains the structural noise contribution almost exclusively. 

Another option is to compute the 3-dimensional NPS of the volumetric images provided by a CBCT. In this case one can use the 
FFTJ plugin54  that runs over volumetric images (stacks are interpreted as a volume). One can inspect the resulting 3-dimensional 
NPS using an ImageJ 3D viewer55. 



EFOMP-ESTRO-IAEA protocol  |  57

CHAPTER 3 / Image Quality Parameters / Low-contrast resolution 

Introduction 
The traditional method to evaluate low-contrast resolution is based on detecting subtle signals within a noisy back-
ground. The drawback of this method is that it is highly subjective. Different observers, and even the same observer on 
different occasions, can give different results when they are presented the same signals56. Although costly human ob-
server studies are valid under certain circumstances of performance, the results can be biased and/or be difficult to re-
produce. Thus, substituting subjective methods for objective techniques is a high priority when determining procedures 
for radiology image quality assurance. This principal standpoint is shared by the authors of the recently published paper 
on image quality assessment (IQA) of CBCT devices57. 

For the evaluation of digital images, subjective methods have different sources of error (and probably an even greater 
potential for error) than they had for analogue x-ray film images. Aside from observer variability, the digital environment 
introduces a number of confounding factors that make subjective IQA very uncertain. Examples of such factors include 
variability due to:

•	 Condition, calibration, and settings of the viewing display
•	 Quality of the graphics card to which the display is connected
•	 Interaction of the viewing software with the graphics card
•	� Viewing conditions such as reflections on the display screen, the ratio of diffuse/specular light impinging on the display 

surface, and the ambient light level (illuminance) in the room.

Image quality assessment in digital radiology depends on the devices used to display images. One key issue for image 
quality control in the analogue era was daily sensitometry/densitometry measurements for monitoring the film develop-
ment process in order to have a constant film response for a step-wedge image. Today, the quality of the viewing display 
is just as important as the quality of film development in the analogue era. 

3.5 | Low-contrast resolution
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In this chapter and in appendix 6 we consider objective methods to measure low-contrast resolution, including contrast-
to-noise ratio, contrast-detail tests and model observers.

It must be noted that objective methods do not take into account the whole imaging chain. This means that the computer 
will always produce the same result, even if the monitor is not working well, or if the illumination of the room is incorrect, 
or if the contrast window is wrongly set. Therefore, it is especially important to test these observing conditions separately. 

Definition 
The low-contrast resolution represents the ability to distinguish a signal against its background, when the value of the 
signal is similar to the value of the background. This ability can be quantified measuring the contrast-to-noise ratio (CNR), 
defined in the following.

The absolute contrast of a signal against a given background is the difference of the mean pixel values in each of these 
regions. The relative contrast is this signal difference normalized to either the background signal or to the sum of the sig-
nal and the background (see section 4.3.1 in reference 2). Instead of this normalization, in medical imaging it is common 
to divide the absolute contrast by the background noise to obtain the CNR (see equation 3.5.1).

Purpose 
Tumours and other pathologies are most often composed of organic tissue that has some malignant behaviour. Therefore, 
the malignant tissue has almost the same characteristics as the background, in particular almost the same attenuation 
coefficient for x-rays. Also the different regions of the brain and the different organs in the abdomen have very similar at-
tenuation properties. Being able to clearly define the boundaries of a tumour, or the boundaries between those different 
regions or organs, is critical in radiotherapy planning, for example, to avoid unnecessary irradiation of healthy tissue. For 
this reason, it is very important that x-ray systems can distinguish very similar tissues next to each other or, in other words, 
that they have a good low-contrast resolution. 
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In the particular case of CBCT, large beam collimations are associated with high levels of scatter radiation, with a con-
sequent degradation of soft tissue distinction and loss in CNR58. Apart from that, low contrast resolution is linked to the 
patient dose and to the kilovoltage of the x-ray tube (see section 6.2.7.1. in reference 2 “Effect of tube voltage on contrast, 
noise and dose”). Therefore, observing the change of this parameter we can indirectly check if the x-ray tube is working 
properly, as well as detect changes in its performance.

Equipment
A phantom containing at least two structures: one signal and one background. The structures should be large enough 
to enable reproducible measurements of the mean pixel values, but small enough to fit both in the field of view of any 
CBCT system. 

Test Frequency 
Traditionally, this test is performed at least at acceptance and yearly. However, with the help of appropriate software, it can be 
easily performed every month. Frequently, objective tests enable the early detection of relevant changes in the performance of 
the x-ray tube. If a regular decrease (or increase) in the performance is detected, maintenance service should also be alerted. 

Procedure 
An objective option to assess low-contrast resolution is to fix a certain signal and background and measure the actual ra-
tio between its contrast and the background noise (the CNR). The main advantage of this method is that it is easy and re-
producible, because it is a simple mathematical calculation, and thus it is recommended for frequent constancy checks.  

CHAPTER 3 / Image Quality Parameters / Low-contrast resolution 
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In the standard DIN 6868-161 for dental CBCT, for example, two contiguous regions of polymethylmetacrylate (PMMA), 
representing a background of soft tissue, and polyvinyl chloride (PVC), representing a bone signal, are used to calculate 
a contrast-to-noise indicatora. In general, the contrast between a signal and its background is divided by the noise in the 
background (or by the average of the noise in the two regions) to obtain the contrast-to-noise ratio (CNR),

aIn fact, the DIN standard 6868-161 describes a special algorithm to obtain PPMMA and PPVC, which is useful to take into account the edge 

enhancement performed in some reconstructions. However, this algorithm is not necessary for the calculation of a simple CNR as described here. 

where PPVC and PPMMA are the average pixel values of an ROI chosen in the PVC and the PMMA regions of the phantom; 
and σPMMA is the corresponding standard deviation of the pixel value in the PMMA region, representing the background 
(see figure 3.5.1). 
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CNR =
|PPVC - PPMMA|

σPMMA

[3.5.1.]

FIGURE. 3.5.1. Example of two ROIs chosen for the CNR calculation. In this example, the yellow and blue ROIs provide 
the mean and standard deviation corresponding to the signal and the background, respectively.
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Action levels 
For constancy tests, the score of the low-contrast resolution should remain within 40 % of the value measured at the 
acceptance of the device. This large percentage takes into account the normal variability within the x-ray devices.  
The action levels for acceptance tests are strongly dependent on the phantom that is used to test low-contrast resolu-
tion. The only official definition of a limiting value is given in reference 10, which states a minimum value of 100 for the 
so-called acceptance indicator (AI) for the case of contrast being measured between PVC and PMMA.
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Freeware tip: To easily obtain the CNR using open source software like ImageJ follow the procedure below:
1.	 Open the image (File-open)
2.	 Click on the rectangle tool
3.	 Draw a region of interest (ROI) inside the signal (in the example above the signal would be the PVC)
4.	 Click on the menu Analyze->Measure (or press CTRL+M) to measure the mean (PPVC) within that ROI.
5.	 Shift the region of interest (ROI) to the background (in the example above this would be the PMMA portion of the image)
6.	 Click CTRL + M again to measure the mean (PPMMA) and standard deviation (σPMMA) within that ROI.
7.	 Copy and paste the results obtained in a spreadsheet or use a calculator to apply equation [3.5.1].

In appendix 6 we explain how to deal correctly with subjective methods and indicate two objective methods that are, 
unfortunately, more complex. They may become easier to apply as software develops and experience with them 
becomes more widespread. In this respect, an overview regarding iterative reconstruction is included in appendix 1. 
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Action levels 
This parameter combines the contrast-to-noise ratio CNR (see section 3.5), the dose quantity DFOV (free in air), as de-
scribed in chapter 5, and the frequency at which the MTF falls to 50 % of its maximum F50 (See section 3.6), 

The F50 (in line-pairs per millimeter) informs about the smallest size of low contrast objects that can still be adequately im-
aged by the x-ray device (see description of the modulation transfer function in the next section). This is thus an objective 
measure for low-contrast resolution. It upgrades the conventional methods based on subjective tests with low-contrast 
objects. 

The threshold value of the acceptance indicator should be modified using long-term studies for CBCT applications in ra-
diotherapy, interventional radiology and guided surgery and/or other materials, but the formula and its application are 
the same as in the example described here. 
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AI =
CNR

DFOV
21

F50
)(

[3.5.2.]
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Introduction 
The relative high spatial resolution is one of the main advantages of CBCT methodology, and it is particularly important in 
dental clinical applications and peripheral vascular applications (see section 4.3). It is important to test it because its val-
ue 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 is usually isotropic, and as a consequence spatial resolution should 
be assessed along the three Cartesian axes, and similar values should be expected.

Spatial resolution is essentially affected by three scan parameters in CBCT:

•	� Field of view. Every CBCT has a limited number of available field of views, and each one is associated with a voxel di-
mension and a spatial resolution (eg. figure 3.6.1);

•	� Number of projection views. Different spatial resolutions could also be selected for different numbers of projection 
views, obtained for example by partial or full rotation scan or by different rotation times;

•	� Reconstruction algorithm. The choice of the convolution kernel for back projection methods or the kind of iterative 
approach affect the final spatial resolution and noise of the obtained image.

It is also important to underline that spatial resolution is not stationary inside a CBCT volume, as a consequence of the 
acquisition process and 3D back projection. MTF values at periphery of the volume could differ from that in the centre 
by about 20-30%16,59.

3.6 | Spatial resolution



64  |  Quality control in cone-beam computed tomography (CBCT)

CHAPTER 3 / Image Quality Parameters / Spatial resolution

FIGURE. 3.6.1. Example of images acquired with the same dental CBCT equipment and different FOV and voxel size: 
(a) FOV 4x4 (diameter x height), voxel 80 µm (b) FOV 6x6, voxel 125 µm (c) FOV 8x8, voxel 160 µm (d) FOV 10x10, 

voxel 250 µm.

Definition 
Spatial resolution refers to the size of the smallest object that can be resolved in a volumetric dataset resulting from a com-
puted tomography acquisition. It is limited by voxel dimensions, but it does not coincide with it.  It is usually expressed in 
terms of line pairs per centimetre (lp/cm), although recently, for high resolution CBCT, lp/mm are also often used.  

It can be assessed by following two approaches:

•	� A subjective method, with the observation of a spatial resolution phantom  with periodic pairs of high and low den-
sity materials representing different frequencies; the highest spatial frequency clearly resolved by the observer is 
assumed as the limiting resolution;
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•	� A quantitative objective method, by evaluation of the modulation transfer function (MTF). More specifically, a spatial 
frequency value from the modulation transfer function should be used, and the limiting spatial resolution is usually 
associated with the 10% MTF value (F10). Sometimes also the line-pair value corresponding to 50% of the MTF maxi-
mum (F50) is indicated. Indeed the F10 informs of the smallest size of high contrast objects that can still be adequately 
imaged by the x-ray device. That is why it is often called “high-contrast resolution”. Similarly, the F50 informs of the 
smallest size of low contrast objects that can still be adequately imaged by the x-ray device. That is why it is a measure 
for low-contrast resolution. Both values offer the advantages of quantified stable measures replacing all visual tests 
of high and low contrast resolution.

Purpose 
The purpose of this test is to provide a quantitative spatial resolution evaluation and to verify that obtained values are 
consistent with baseline values measured during acceptance test or declared by manufacturers. 

Equipment 
For the MTF evaluation, a point or a wire or an edge could be used depending on phantom used.  Test objects should 
allow a line or point spread function to be extracted along the three Cartesian axes, with an adequate oversampling to 
avoid aliasing effects. In particular problems are reported in literature with microbead phantoms60,61, and these prob-
lems can be emphasized with fixed voxel and FOV dimensions of CBCT equipment. Methods with inclined wires62 or 
foils63 or edges10 are preferable to achieve a correct line spread function. Evaluation based on a sphere phantom16 has 
also been used recently, with the additional possibility to evaluate an edge profile along all directions.

CHAPTER 3 / Image Quality Parameters / Spatial resolution
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It is important to stress that using an edge can introduce distortion of the edge spread function due to beam hardening, 
which will affect the MTF. Such problems are of no consequence when the high attenuating part is not too dense (and not 
a metal to avoid large artefacts), or when a point spread function is derived from a scan of a very thin wire (e.g. 0.1 mm 
diameter) of material with extremely high attenuation, such as tungsten. The wire should be suspended in air, so that a 
correction for beam hardening becomes unnecessary and a practically noise-free scan results.

Test Frequency 
As in the case of the CNR test, this test is performed at least at acceptance and yearly. However, with the help of appro-
priate software, it can be easily performed every month.

Procedure 
It is essential to position the test phantom exactly in the same way during the constancy tests, as a consequence of the 
spatial resolution location dependence inside the FOV previously described. High kV and mA values are preferable to 
limit the noise at minimum without affecting the resolution measurement. 
To assess spatial resolution along longitudinal axis directions, images of a plane perpendicular to the axial plane should 
be used. It is advisable to check spatial resolution at least with two different exposure conditions, a standard approach 
and a high resolution modality (small FOV, maximum number of projection views, sharp kernel). 
If a phantom with a wire is used, the wire should be orientated at a slight angle to all principal planes. Using data from 
several adjacent slices will result in an oversampling of point spread function data, which is needed for an adequate 
Gaussian fit in order to analytically generate the MTF (figure 3.6.2).

Freeware tip: there is no direct method to measure the MTF using ImageJ, although there are specific Plugins that 
can be used together with that software for this purpose. Instead of that, you can use the free software IQworks to 
measure the MTF (see appendix 4).
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FIGURE 3.6.2  Example of resampling process of a point spread function derived from different slices of a wire. For 
each slice a profile is extracted, then the relative position xr of each profile value is recalculated considering the angle 

of the wire and in this way a resampled profile is obtained.
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Action levels 
Spatial resolution values measured during constancy tests should be within 20 % of the baseline values64 (declared by 
the manufacturer or measured in the acceptance test).  
For different clinical applications an absolute value of spatial resolution could be specified:

•	� for radiotherapy CBCT equipment, in the AAPM TG 179 report25 a spatial resolution equal or greater than 5 lp/cm is 
required, considering that values reported in literature are in the range of 6-9 lp/cm;

•	� for dental CBCT a suspension level of 1 lp/mm (10 lp/cm) is reported for high resolution mode in the RP 162 docu-
ment3. The same threshold (1 lp/mm) for the frequency corresponding to 10 % of the MTF maximum (MTF10%) in the 
transversal plane is reported in the standard DIN 6868-16110 for acceptance tests. In addition, this reference states 
an action level of 100 for the value of the acceptance indicator, which includes the result from the MTF measure-
ment.

•	� for interventional radiology and guided surgery applications currently there are no specific guidelines, but probably 
tolerance values similar to radiotherapy applications can be adopted.

As stated in the introduction, the measurement of spatial resolution in the z axis can be a substitute for the measure-
ment of the image slice thickness. The measured value must also be within ±1 lp/mm or ±20 percent, whichever is the 
greater, of the value indicated by the manufacturer. Note that this equivalence is a suggestion of this report. No toler-
ances for the spatial resolution in the z axis have been published by the publication date of this report (Summer 2017).
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3.7 | Summary table

TABLE 3.7.1. Summary of image quality tests including suggested frequencies and action levels for the 
described procedures.
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TABLE 3.7.1. (cont.) Summary of image quality tests including suggested frequencies and action 
levels for the described procedures.
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* �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.

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 basis10. Indeed, with the help of dedicated software it is possible and desirable to perform 
the indicated tests on a monthly basis. 

§ A value of 100 is given for the described example of contrast being calculated between PVC and PMMA.

n.r. = not relevant.
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CHAPTER 4 

Image Quality Phantoms  

Introduction 
Assessment of the equipment performance is achieved by evaluating phantom images against levels set by the manufac-
turer or by national or international standards and criteria. The focus of this section is to review the different aspects of 
the image quality phantoms for dental, interventional radiology and radiotherapy CBCT. A review of dosimetry methods 
for CBCT is covered in chapter 5.

An image quality phantom should allow the user to evaluate the different aspects of the imaging chain in a standard-
ised, reproducible and consistent way. The level of expertise of the target user group in quality control testing should 
be taken into consideration at the design stage. Phantoms intended for medical physicists are used for assessing a wide 
range of image quality aspects of the equipment, e.g. uniformity, spatial and contrast resolution, noise, artefacts, image 
density values, geometric accuracy and reconstruction for a range of clinical protocols, usually on an annual basis. How-
ever, monthly, quarterly or biannual tests are aimed to highlight issues that require immediate attention. These tests 
are usually simple, time efficient and can be readily performed by the local clinical team. The phantoms used for these 
test are designed to assess a limited number of image quality parameters, most commonly uniformity, noise and spatial 
resolution.

Phantoms dedicated to CBCT should allow the assessment of the 3D performance of the system and therefore, should 
be designed to allow the evaluation of the image quality parameters across the axial, sagittal, coronal planes and at the 
volume rendering mode of the system. The size and shape of the phantoms should be optimised for the particular clini-
cal applications e.g. head/neck, body, peripheral or paediatric imaging. Ideally, the phantoms optimised for body imaging 
should allow the evaluation of the imaging parameters across a range of body thicknesses.
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Dental and interventional radiology CBCT scanners are optimised for high contrast clinical applications with higher spa-
tial resolution compared to clinical CT scanners and therefore, the phantoms should be designed accordingly. However, 
modern interventional radiology CBCT scanners offer the option of low contrast imaging in addition to high contrast 
imaging which ideally should be taken into consideration when designing a phantom for this type of scanners. The low/
high contrast and spatial resolution details of the phantom should be designed to allow clear definitions of action levels 
for the performance of the equipment.

All the available CBCT phantoms are designed to simulate adult heads and torsos. However, for applications dedicated 
to paediatric imaging, dose optimisation and image quality assessment with adult phantoms is far from ideal especially 
for young children. The phantoms companies and the CBCT scanners manufacturers need to address this issue in the 
near future.

Software that allows automated handling and interpretation of the data would facilitate assessment of the performance 
especially for the local clinical staff 104. Therefore, it is essential for CBCT manufacturers and phantom companies to pro-
vide simple but reliable software together with their phantoms. For dental CBCT, automated image analysis software is 
available for all phantoms. However, this comes with additional costs.

The following sections review the current status and challenges for phantoms in dental, interventional radiology and 
radiotherapy CBCT. A table summarizing the available phantom properties is presented at the end of the chapter.

CHAPTER 4 / Image Quality Phantoms 
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4.1 | Dental CBCT

The challenge in quality control of dental CBCT scanners is to design a universal phantom which would allow the assess-
ment of the imaging properties of the available scanners. A universal phantom should fulfil the following requirements: 

•	 Size of a typical adult and/or paediatric head

•	 Diameter and height for small, medium and large FOVs

•	 Contrast resolution materials that simulate soft tissue, air, bone and teeth

•	 Size and type of the detail applicable to all scanners and all FOVs, allowing clear definitions of action levels

•	 Assessment of spatial resolution using subjective and objective methods, line pairs and modulation transfer function

•	 Spatial and contrast resolution details that would allow the assessment of the 3D performance of the system

•	 A uniform section for allowing the assessment of homogeneity and noise for small, medium and large fields of view

•	 Materials to assess artefacts from metal restorations

•	� Capability of different detail placing positions at the periphery or centre of the phantom allowing limited interference 
on other details of the image quality parameter of interest

•	 Accurate and reproducible positioning across the axial, coronal and sagittal planes

•	 Capability for acquiring all the image quality parameters with one scan

•	 Automated software to facilitate the analysis and interpretation of the results.

Currently there are 20 manufacturers offering more than 40 different models of dental and maxillofacial CBCT scanners 
produced in 7 countries. The majority of the scanners support seated or standing patient positioning and only very few 
scanners offer horizontal positioning of the patient.
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Field of view varies depending on the clinical application. For imaging single or very few teeth, scanners offer small fields 
of view, for dentoalveolar imaging, scanners are equipped with medium fields of view and for maxillofacial imaging, scan-
ners offer large fields of view. The smallest FOV available in the market is 4 cm in diameter and 3.75 cm in height and the 
largest is 14 cm in diameter and 24 cm in height. Several scanners are equipped with a range of FOV from very small (4 
cm x 4 cm) to very large (14 cm x 24 cm). The majority of the scanners are based on flat panel detector technology but 
there are a few available in the market which are equipped with image intensifiers. Depending on the CBCT device, the 
tube voltage and tube current are either fixed or can be manually adjusted. Some CBCT devices operate under automatic 
exposure control. Most of the scanners operate at 360o rotation angle but there are systems available which operate on 
partial rotation mode e.g. 180˚. In addition, there are several models that offer a range of rotation angles. The number 
of projections acquired during a scan varies from 180 to 1024 and there is a wide range of isotropic voxel sizes ranging 
between 75 µm3 to 600 µm3.

To the best of the author’s knowledge, there are six commercial phantoms for image quality assessment for dental CBCT 
scanners as shown in the following table. Steiding et al, 201416 and Torgersen et al97, 2014 research studies presented 
two CBCT image quality phantoms which are not commercially available at the time of this report.

Phantom Manufacturer Compliance with
Quart DVT_AP Quart GmbH DIN 6868-161 standard (acceptance test)
Quart DVT_KP Quart GmbH DIN 6868-15 standard (constancy test)
Quart DVT_150 Quart GmbH DIN 6868-150 standard
SedentexCT IQ Leeds Test Objects EC report 172
CBCT 161 Leeds Test Objects DIN 6868-15 standard (constancy test)
QRM ConeBeam Phantom QRM GmbH

TABLE 4.1.1. Phantoms for quality control in dental CBCT. 
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In dental CBCT, positioning of the phantoms is achieved with the use of tripods but all of them offer positioning aids (see 
figure 4.1.1.). However, users should keep in mind that positioning can be challenging because of the design of the gan-
try, chair and chin rest and it is recommended that the experimental set-up is planned ahead of the survey.

CBCT manufacturers are increasingly offering quality control phantoms which are tailored to their CBCT scanners. These 
phantoms are simple, are accompanied by automated software and can be readily used by the local clinical staff. Howev-
er, the local clinical staff should discuss and review the quality control programme recommended by the manufacturer 
with the medical physics team.

FIGURE 4.1.1. An example of the DIN phantom for acceptance tests (QUART DVTap) on the positioning aid (holder) 
of a dental CBCT system. Image courtesy of Chang Eui Lee and Ralph Schulze (Mannheim).
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Currently some C-arm equipment for fluoroscopically guided surgical procedures and for interventional radiology and 
cardiology enable volumetric images by cone beam acquisitions. The term “rotational angiography” is sometimes used 
in the interventional field, but the indication “C-arm CBCT” is more general and can include all volumetric modalities 
performed both with mobile C-arm and complex angiographic equipment. Some acquisition systems produce only three 
dimensional volume rendering of high contrast structures (e.g. vessels with contrast medium or bone segments in ortho-
paedic surgery), whereas other systems allow to view volumetric data as slices over axial or other planes, as for surgical 
navigation systems. For orthopaedic applications, a dedicated mobile CBCT with a circular gantry was recently devel-
oped. Furthermore, there are CBCT applications specifically developed for extremity imaging, which allow the patient to 
stand up and therefore image the joints while carrying its person’s weight.

A good review of the value of CBCT imaging for interventional radiology is presented in reference65. For general vascular 
applications, tomographic images offer the possibility to evaluate dimension and shapes of lesions before and after the 
treatment, so a good geometrical accuracy is fundamental. A good contrast for soft tissue is also useful, for example 
for hepatic embolization procedures, to achieve a visualization of which hepatic segments are to be preserved before 
treatment and after the treatment and to enable the operator to better understand the quantity of parenchyma that has 
been embolized. For peripheral vascular applications stent placement, a high-resolution acquisition (0.25 mm pixel size) 
is generally required for stent placement to get a good definition of the vessel lumen, stent struts, and vessel wall, where-
as  a larger field of view and lower spatial resolution (0.5 mm pixel size) are usually preferred for stent-graft procedures.  

A few studies investigated C-arm CBCT image quality with geometrical phantoms or semi anthropomorphic phantoms. 
A Catphan 600 phantom was used to assess image quality of an angiographic C-arm system for three-dimensional neu-
ro-imaging66, with the use of low contrast and spatial resolution modules. 
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4.2 | CBCT for interventional radiology and guided surgery 
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Shafer et al67 evaluated image quality in terms of CNR for bone and soft tissue in spinal surgery for different doses 
and slice thickness, using a semi anthropomorphic oblate thoracic phantom including low-density regions. Home-made 
phantoms were developed to study positioning accuracy in CBCT guided stereotactic liver punctures68 or in laparoscopic 
liver surgery69. A phantom consisting of two plane-parallel circles of ball bearings encased in a cylindrical acrylic tube was 
used for geometric calibration of a mobile C-arm70, finding sub millimetres short and long term reproducibility.

Some manufacturers provide quality phantoms for calibration and also for acceptance and constancy tests with the ra-
diological equipment. As an example, with the XperCT CBCT systems of Philips angiographic equipment a contrast reso-
lution phantom is provided, which has inserts constituted by cylinders of diameter in the range 0.5 – 2.25 mm inside two 
disks of PMMA and of PE200. A minimum resolution of 1 mm for the PMMA disk and of 1.25 mm for the PE200 disk is rec-
ommended by the manufacturer. Figure 4.2.1 shows the phantom section resolution targets and two example images.
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FIGURE 4.2.1.Phantom provided by a manufacturer for interventional radiology CBCT.
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Another example of manufacturer’s phantoms and quality assurance procedures is available from Siemens, for3D appli-
cations with Axiom Artis Systems and Artis zee/zeego. The following quality tests are defined:

•	� Geometric definition: qualitatively evaluated by thin metallic wires (1-2 mm diameter) positioned along the longitu-
dinal direction over the examination table and acquired with the 3D application. The wires should be well visible in 
volume rendering. Their profile shall be well defined, with sharp edges.

•	� Spatial resolution: a phantom constituted by a resolution test pattern for radiography positioned on the top of a 2.1 
mm Cu plate at the isocentre. From the 3D dataset a coronal plane should be reconstructed and 1.2 lp/mm should be 
visible both in horizontal and in vertical planes.

•	� Registration accuracy: this test aims to investigate the accuracy of virtual reconstructed 2D projections from the 3D 
dataset acquired. Three metallic wires of 2 mm are positioned on the patient table, two parallel and one vertical to the 
patient axis. A 3D acquisition is performed and then a 2D reconstructed projection is overlaid on actual 2D acquisition. 
The overall accuracy of superposition must be better than 2 mm in the isocentre, so with a wire diameter of 2 mm the 
wire images must “touch each other”.

•	� Uniformity and low contrast: a cylindrical phantom with a uniform section and a low contrast pattern is used. In the 
homogeneity section, a mean value between –85 and 115 is expected, together with a standard deviation less than 15. 
In the low contrast section the detail of diameter 20 mm and contrast 6 HU must be visible for a 10 mm thick section.

At the time of this report, there are no commercial phantoms specifically dedicated to C-arm CBCT. However, several 
phantom manufacturers indicated the suitability of their CT and CBCT phantoms for angiography or surgery CBCT. The 
QRM CBCT phantom is presented as a tool for 3-D dental imaging, C-arm or angio x-ray machines with options for 3-D 
imaging or CT scanners with flat-panel detectors covering a large scan volume. It contains three different low contrast 
sections providing contrasts between 3 Hounsfield Units and 200 HU, spatial resolution bar patterns ranging from 4 to 
30 lp/cm, an edge insert to assess the system MTF in different orientations and an image contrast and HU-scale section.
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The QUART DVT_AP phantom, already cited in the previous paragraph of dental phantoms, is designed for QA/QC at 
CBCT including applications in interventional radiology and guided surgery. The CBCT Electron Density & Image Quality 
Phantom System is promulgated primarily for radiotherapy CBCT, but the manufacturer states that in the spatial reso-
lution layer, line pairs from 1 lp/cm to 16 lp/cm are present with attenuation of about 420 HU, a difference that is often 
used in cardiac angiography imaging.

Image-guided radiotherapy is frequently performed using the images obtained with on-board or in-room CBCT system 
to aid in patient positioning and to accurately locate the target with regard to the planned treatment radiation beam. 
Therefore, geometrical precision (see section 3.2) is critical for radiation treatment to ensure correct irradiation of the 
target volumes while minimizing the dose irradiation to surrounding organs. In addition, the action levels in radiotherapy 
are stricter than with other CBCT devices. 
Image contrast has to be adequate to resolve the high and low contrast anatomical structures (see sections 3.5 and 3.6). 
Besides, in current research works, the CBCT images are used for dose calculation and thus appropriate voxel density 
values (HU) are crucial (See section 3.3). Image noise (section 3.4) is normally higher than in conventional CT. Also in 
many CBCT devices for radiotherapy, the number of projections can be selected (normally full or half fan) and also some 
reconstruction parameters, depending on the anatomical region.  
The most commonly analysed parameters for radiotherapy CBCT are geometrical stability, uniformity, voxel density val-
ues for different materials, MTF and CNR. The basics about how to calculate them have been explained in the previous 
sections. An example of phantom images obtained in a radiotherapy CBCT system is shown in figure 4.3.1. An example 
of the set-up of another phantom is shown in figure 4.3.2.
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4.3 | CBCT for radiotherapy  
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FIGURE 4.3.1. Images of the Catphan phantom obtained in a radiotherapy CBCT system (Elekta XVI) for the voxel 
density values measurements (left) and geometrical precision (right).

FIGURE 4.3.2.Left: An example of the DIN phantom for constancy tests (QUART DVTkp) placed in a TrueBeam Varian 
linear accelerator (left) and the acquired image of the uniformity module of the phantom (right).
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In the literature, for routine image quality QC, the recommendations for these CBCT radiotherapy devices are based in 
evaluating the constancy of these image quality parameters, with respect to a baseline for the typical protocols used (for 
example head and abdomen), and there are not established quantitative action levels 38, 39, 43, 71, 72.  

As tolerances, some authors propose to use the baseline (obtained at acceptance for the different protocols) plus or 
minus three times the standard deviation (99% confidence interval)73. The baseline value for the different image quality 
parameters should be obtained as an average over different slices, and even better, over several scans selecting the 
same conditions in each test at acceptance or after major changes in the device.  
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4.4 | Summary table

TABLE 4.4.1. Summary of commercial phantoms available
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CHAPTER 4 / Image Quality Phantoms 

TABLE 4.4.1. Summary of commercial phantoms available
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1As stated by the manufacturer: dental volume tomography, C-arm angiography, CT 
2Enhancement set includes: Water, Soft Tissue, Bone and Bone and Tooth equivalent materials 
3As stated by the manufacturer: dental volume tomography, CBCT, 3D imaging 
4As stated by the manufacturer: dental volume tomography, C-arm, angiography, CT scanners
  with large flat panel detectors 
5As stated by the manufacturer: CBCT systems 

CHAPTER 4 / Image Quality Phantoms 
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CHAPTER 5 

Tests of Radiation Output  

Introduction 
Presently there are many different medical and dental applications employing CBCT, e.g. imaging in the fields of surgery, 
interventional radiology, dental radiology and radiotherapy. Due to the heterogeneity of applications, the manufacturers 
of these devices have accommodated the healthcare industry with technical innovations designed for each specific task. 
For CBCT there is a multitude of different solutions for the x-ray beam geometry commonly including a variety of large 
x-ray fields compared to those found in MDCT, central or off-axis exposure geometries, full or partial rotation of the x-ray 
tube during imaging, as well as combined functionality of CT and Fluoroscopy. While this is desirable for the end users, the 
situation has made it difficult to achieve a standardization of radiation dosimetry to characterise machine output, or to 
determine patient exposure following a CBCT examination. 

Action levels and frequency 
For QC to yield actionable results, measurements must be traceable to actual action levels that are relevant for a given 
type of CBCT unit, as specified by the manufacturer and/or regulatory bodies. Individual practitioners may undertake 
testing of parameters that are not traceable, which may be of use in the process of optimization but not for the purpose 
of QC. For dosimetry QC with CBCT, measurements are recommended to be performed at least annually, as well as 
when a unit has undergone maintenance that may affect x-ray radiation output25,8,9,64. Action levels and frequencies are 
suggested in the summary table at the end of this chapter.

Present dose metrics 
Due to the lack of standardization of radiation dosimetry for general CBCT applications, there are different formalisms 
commonly used to quantify radiation output in CBCT, i.e. as a basis for radiation dosimetry QC. These are the kerma 
Area Product (KAP), the air kerma at the focus-to-detector distance, Ka(FDD) and in phantom dose indicators (traditional 
CTDI, cone-beam dose index ‘CBDI’, AAPM cumulative dose and SedentexCT indexes as described in appendix 3). For QC 
purposes, all these formalisms have some advantages for the different CBCT applications. However, they will also be 
insufficient for applied patient radiation dosimetry.
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Challenges with present dose metrics 
In-phantom dosimetry raises two kinds of problems: 1) the formalisms use phantoms that are too small to properly 
represent radiation scatter from the large x-ray fields commonly used in CBCT applications, and 2) the positioning of the 
phantom can be problematic in particular for dental CBCT (see appendix 3)74. However, QC measurements without phan-
toms may be used with a complete description of the x-ray beam geometry of a CBCT unit, e.g. from the manufacturer, 
to characterise the radiation output and even derive estimates of patient radiation dose for a given unit. The air kerma 
shall be used for periodic (and fast) constancy measurements of the x-ray tube output. This means that a medical physicist 
may decrease the uncertainty in patient dose estimates substantially, i.e. from manufacturer stated tolerances that may 
be as large as ±40% to uncertainty levels associated with best practice radiation dosimetry for diagnostic radiology75,76. 
Appendix 3 contains an overview of in phantom dose indicators and how they may be applied to CBCT applications. For a 
comprehensive discussion on the CTDI interested readers are encouraged to consult references 22 and 77 (under review).

A troublesome shortcoming of the KAP and the Ka(FDD) formalism is that they require measurements performed free in 
air, with a large plane parallel ionization chamber close to the x-ray tube (KAP) or a flat probe attached to the image de-
tector (in the case of Ka(FDD)). This means that for measurements of KAP or Ka(FDD), no information is provided in regard 
to a patient or phantom exposure, which is required for further estimates of patient radiation dose. Nevertheless, for QC 
purposes the quantification provided by these radiation dosimetry metrics free in air is sufficient for CBCT applications. 
Thus the KAP and the air kerma methods are proposed to be used as dosimetric indexes. The measurement methodolo-
gy, a discussion of advantages and drawbacks, test frequencies and action levels are suggested in the rest of this chapter.

Further refinement is always required when QC metrics are to be used to estimate patient radiation dose. Given the 
diversity and continuing growth of CBCT applications in health care, as well as the lack of a general standardization of 
radiation dosimetry in the field, a general overview of applied patient dosimetry with CBCT applications was prepared by 
the European Radiation Dosimetry Group (EURADOS) and shown in appendix 7.

CHAPTER 5 / Tests of Radiation Output
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Quantification of the KAP metric is performed using a large plane parallel ionization chamber mounted on the x-ray tube 
assembly, if possible. This ionization chamber type is commonly called a “KAP meter” (or even “DAP meter” representing 
a Dose Area Product if the ionization chamber has been calibrated for absorbed dose instead of air kerma78). The usage 
of a KAP meter to quantify x-ray radiation output in practice is straightforward: after mounting the meter on the x-ray 
tube housing an exposure is made with the parameters settings chosen. The resulting KAP measurement is given as air 
kerma (or absorbed dose) multiplied by area, e.g. µGy m2 or mGy cm2 or dGy m2. 

5.1 | The kerma area product (KAP)

FIGURE 5.1. A KAP meter mounted on the x-ray tube housing of a dental CBCT. Image courtesy of H. de las Heras.
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As a practical alternative, point measurements of the incident air kerma (Ka,i as abbreviated by ICRU80) at the focal 
spot-to-detector distance (FDD) can be easily performed with a flat probe. Appropriate solid-state probes are used for 
measurements of Ka,i in projection radiography and mammography, so they are already available in most clinics. They 
should be back-shielded in order to not measure backscatter. The advantage of solid-state dosimeters is that their cali-
bration and their results are not dependent on the atmospheric pressure or the temperature in the room (as opposed 
to KAP meters and CTDI chambers). However, in contrast to ionisation chambers the energy dependence of solid-state 
dosimeters is not negligible, which limits their accuracy for patient dose estimations in the presence of scattered radia-
tion from a phantom or a patient.

As shown in Figure 5.1, the KAP meter measurement volume covers all possible collimation settings that may be relevant for QC 
measurements, and the KAP metric is thus not sensitive to differences in nominal collimation (field of view sizes), which is a lim-
iting factor for the CTDI. Furthermore, for consideration of patient dose estimates the KAP metric is also robust when it comes to 
off-axis exposure geometries, as well as partial rotations of the x-ray tube during imaging, both of which are common in CBCT ap-
plications. Like all air-filled ionization chambers, the KAP meter readings should be corrected for air temperature and pressure75.
There are commercial programs that use KAP as input dosimetry quantity for organ and effective dose evaluation in CBCT79.

Discussion 
The measurement formalism of the KAP metric does not require the use of a phantom, which may be considered both 
as a strength and a weakness. As previously discussed (see also Appendix 3), free in air measurements (i.e. no phantom) 
are adequate for QC purposes, and even preferable for practical reasons. However, if results from QC are to be used for 
further radiation dosimetry considerations involving patients, the lack of a phantom is definitely a weakness, although 
the KAP is can be used as input data for software involving patient modelling. For a practical discussion on the calibration 
of KAP meters see section 5.1 of reference76.

5.2 | The incident air kerma at the detector, Ka,i (FDD)

CHAPTER 5 / Tests of Radiation Output
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Procedure 
The method mentioned here is described in detail in the DIN standard 6868-16110. The Ka,i(FDD) is measured free in air 
without a phantom, simulating an actual examination by placing the probe as close as possible to the plane of the im-
aging detector (figure 5.2). Caution must be taken to place the probe so that it collects radiation during a whole rotation 
of the x-ray system, which may include physically removing the head support in CBCT units for oral radiology.The probe 
must be placed at the centre of the imaging detector and, most important, its position must be marked (preferably on 
the detector) to ensure reproducibility. This is especially important when the longitudinal size of the scanned volume is 
user-defined. For the data acquisition, the exposure parameters for a standard patient are used following indications of 
the manufacturer. If the x-ray device makes use of an automatic exposure control, it is necessary to manually enter the 
appropriate exposure parameters. As some users reported ghosting after repeated tests, the use of a copper or alumin-
ium plate to protect the flat panel during tests is recommended.

FIGURE 5.2. Position of a flat solid-state probe to measure the Ka,i(FDD) in a dental CBCT (left), a C-arm for angiography 
CBCT (center) and a CBCT in radiotherapy (right). Images courtesy of F. Schöfer, B. Renger and K. Mair. 



EFOMP-ESTRO-IAEA protocol  |  95

The advantage of this simple measurement is that it enables the calculation of a dose quantity, DFOV, which takes into ac-
count the kind of geometry, size of the field of view and rotation angle. This quantity is an estimation of the average dose 
calculated over the diameter of the FOV, and it can be determined from the Ka,i(FDD) using a simple geometrical relation:

where a is the distance from the focal spot to the isocentre, b the distance from the focal spot to the place of measurement, 
c the horizontal diameter of the scanned volume, and d the horizontal diameter of the radiation field at the place of 
measurement (see figure 5.3.).

FIGURE 5.3. Description of the quantities a, b, c and d required to apply equation 5.1 in the case of symmetric scan 
geometry (left) and asymmetric scan geometry (right).

CHAPTER 5 / Tests of Radiation Output

DFOV=Ka,i (FDD) b
a

d
c

. . , [5.1] 
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Action levels 
The DIN standard 6868-16110 enforces an action level of DFOV ≥ 50 mGy. A practical example of a test report is shown in 
Appendix 2. The bottom part of the report shows the Ka,i(FDD) measurements and the relevant results.

Discussion 
The geometrical relation 5.1. reduces to the well-known inverse-square law for symmetric data acquisition geometries (see 
3.2.1 in reference80). In fact, for the simplest scan geometries and homogeneous fields, the Ka,i(FDD) can be used to estimate 
the CTDIfree-in-air. In the case of asymmetric geometries (such as those using only one “half beam”), the ratio d/c is much small-
er than b/a. For this reason, for a fixed value of measured Ka,i(FDD), DFOV is smaller than in the case of symmetric geometries. 
This reflects the fact that, for a fixed value of Ka,i(FDD), patients receive a lower dose in the case of asymmetric geometries.

It should also be noted that the distances b and d are measured at the “place of measurement”, i.e. the surface or front 
plate of the detector. These distance scan be estimated if it is not exactly indicated in the specifications of the device. 
However, this estimation can be a substantial source of uncertainty when comparing the results among different devices.

The described calculation of DFOV provides an easy procedure to assess the radiation output of the CBCT device for quality 
control purposes. It enables comparisons to other devices and the establishment of simple thresholds or suspension levels. 
Manufacturers of dental CBCT systems are already obliged to report the Ka(FDD) or the DFOV (also called “Dose in the iso-
centre”) in Germany, which allows medical physicists to use this method for acceptance tests and QC. In other countries, 
the method may be considered among physicists, manufacturers and regulators as a useful dosimetric QC tool.

In conclusion, KAP meters provide a complete assessment of the radiation beam and provide a reliable measure for QC 
purposes. When these meters cannot be mounted, or whenever they are not available, a simple point measurement of 
kerma at the flat panel detector (which is always possible in CBCT devices) provides a reliable measurement that can 
equally well be used for QC purposes. 
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5.3 | Summary table

The action level enforced for dental devices in the standard DIN 6868-16110 for the incident air kerma-metric has been 
exttended to the other CBCT modalities. The action level for the KAP corresponds to imaging prior to the placement of a 
maxillary molar implant in a standard adult patient and a field of view of 4 x 4 cm.

TABLE 5.3.1. Summary of the tests of radiation output. One of them may be chosen for the purpose of routine 
quality control.
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Update List

Update January 2018:

•	 All corrections received from the DIN group regarding the standard 6868-161 and 6868-15 were implemented.
•	 The title of section "Summary Table" was corrected in chapter 3.
•	 The table 4.4.1 was updated for consistency with chapter 3.

Update May 2019:

•	 EURADOS contribution (appendix 7) and corresponding acknowledgment to the EURADOS group.
•	 Correction of typos
•	 The definition of uniformity was corrected to comply with DIN.
•	 Update of references and addition of recent references
•	 Addition of comments from the praxis regarding the dosimetry chapter.
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APPENDIX 1 

Outlook Regarding  Iterative 
Reconstruction
Generally, reconstruction in CBCT systems is based on conventional 3D filtered backprojection (FBP) algorithms (Feld-
kamp). In conventional CT, all major manufacturers have developed their own iterative reconstruction algorithms, which 
enable them to acquire patient images at lower doses without losing important diagnostic information for certain indi-
cations. Similar iterative reconstruction algorithms have still not been brought into clinical practice with CBCT systems. 
It can be expected that  further optimization of the computational efficiency of iterative reconstruction algorithms in 
combination with an increasing processing power of reconstruction hardware will result in the clinical implementation 
of these algorithms in the near future in CBCT. Further improvement in the image quality and even lower dose to the 
patient might be possible by the use of iterative reconstruction algorithms.

With the possible transition from FBP to iterative reconstruction a paradigm shift in image quality measures will occur, 
in a similar fashion as in conventional CT. Due to the potential non-linear behaviour of iterative reconstruction, general 
properties of noise and resolution might not hold anymore. For instance, when compared to FBP, resolution may vary 
as a function of dose and contrast with iterative reconstruction. With respect to this, for instance new methods for MTF 
measurement should be applied as the traditional metrics might not apply for iterative reconstruction.
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 APPENDIX 2

Example of Quality Control Report

Monthly CBCT QC report following the EFOMP-ESTRO-IAEA guidelines

User data 
Name: Name of the person performing the tests 
(or the owner of the CBCT device)  
Facility: Name and address of the institution
Telephone number/E-mail: User contact information

Device data 
Type: Dental CBCT
Manufacturer: Vatech 
Model: Pax-i3D PHT6500 
S/N: 052-1988
Effective area of the detector: 71.68 x 11.76 mm 

Phantom data 
Manufacturer: QUART GmbH
Geometric data (see equation 5.1) 
Distance from the focal spot to the isocentre Distance 
from the detector to the focal spot  Horizontal diameter 
of scanned volume:  Horizontal diameter of radiation 
field at the detector

Model: QUART DVTap 
S/N: 0123 

Analysis software data 
Name: ImageJ  &  QUART CTtec
Manufacturer: NIH  &  QUART GmbH
Website: imagej.nih.gov/ij/ & quart.de 

Scan data 
Maximum scan time: 24 s
kVp/mAs: 89 kV/ 4.9 mA 
Mode: constancy tests

(a): 449 mm
(b): 642.3 mm
(c): 80 mm
(d): 71.68 mm



EFOMP-ESTRO-IAEA protocol  |  105

Conventional tests

Tests of radiation output

Image quality tests 

APPENDIX 2  / Example of Quality Control Report

Section Parameter Pass/Fail 
2 Radiation output: tube potential, leakage, filtration, repeatability, reproducibility pass
2 Beam collimation pass
2 Image display (monitor) pass
2 Artefacts pass
2 Operator protection (report from radiation protection expert is provided) pass

Section Parameter M1 M2 M3 Result Max Dev Action Level Pass/Fail
5.3 Air kerma at the detector [mGy] 8.05 8.06 8.04 8.05 0.1% Max Dev > 1% pass
5.3 Dose to the field of view [mGy] - - - 11.3 - >50 mGy pass

Section Parameter Result Baseline Dif. from baseline Action level Pass/Fail 
3.1 Uniformity (DIN procedure) [-] 18.7 21.9 - <5 pass 
3.2 Geometrical evaluation [mm] 159.1 159.4 0.3 Dif.>0.5 pass 
3.3 Voxel density values [HU] 985 991 6.0 Dif.>240 pass 
3.4 Noise[HU] 38.88 37.2 -1.68 Dif.>20% pass 
3.5 CNR [-] 16.98 18.2 1.22 Dif>40% pass 

Acceptance indicator [-] 627.22 671.8 - <100 pass 
3.6 Frequency at 10% MTF [lp/mm] 1.71 1.7 - <1 pass 

Frequency at 10% MTFz [lp/mm] 1.5 1.5 - <1 pass 

 Date and signature:
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APPENDIX 3

Discussion about Different  
In-Phantom Dosimetry Indexes
Traditional CTDI metrics 
The CTDI is a dose metric originally developed for CT applications.  It was introduced in early 1980s by Shope at al.81 
as an alternative to multiple scan average dose (MSAD). The CTDI took into account the direct exposure of the primary 
beam and the scatter radiation contribution from nearby scanned slices. At that time, only axial acquisitions could be 
performed in CT, with maximum beam collimations of about 1 cm.

The theoretical ideal definition of the CTDI considered an integral sum over infinity: 

where T is the nominal x-ray beam collimation in the patient long axis (z-axis) and K(z) the air kerma profile along the z-axis.  
After the theoretical definitions, two different practical implementations were proposed by FDA and IEC, changing the 
integral limits from infinity to ± 7 T for FDA and to ± 50 mm for IEC. This last approach became the standard, and the 
associated index was referred as CTDI100:

The CTDI100 can be measured free in air or in cylindrical phantoms cast on PMMA (polymethyl methacrylate, density 
1.19±0.01 g cm-3), with a pencil ionization chamber, which has a 100 mm length measurement volume (Figure A3.1). Stand-
ard CTDI phantoms either represent a “head” (16 cm diameter) or a “body” (32 cm diameter). Thus, measurements with a 
pencil ionization chamber yield a direct evaluation of the integral in equation A3.2.

CTDI = K (z)dz1
T

+∞

-∞
∫

CTDI = K (z)dz1
T

+50mm

-50mm
∫

 [A3.1] 

 [A3.2] 
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The CTDI100 is determined by dividing the air kerma reading from the pencil ionization chamber by the nominal x-ray 
beam collimation. 

ΑPPENDIX 3 / Discussion about Different In-Phantom Dosimetry Indexes

FIGURE A3.1. Left: Schematic image of a CTDI phantom, indicating central and peripheral holes for pencil ionization 
chamber measurements (Image from reference 61). Right: Pencil ionization chamber and standard CTDI  phantoms 

for head (16 cm diameter) and body (32 cm diameter), respectively (Image from reference 82).
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Employing the measurement formalism described, the weighted CTDI (CTDIW), measured in the head or body PMMA 
phantoms, can be quantified as:

where CTDI100,central and CTDI100,peripheral  are calculated based on the pencil ionization chamber measurements in the central 
and peripheral holes applying Eq. A3.2, respectively. Normally for the periphery measurements, four points are consid-
ered (north, south, east and west), though other configurations are possible. The CTDIW metric was defined to represent 
differences in attenuation for “head” and “body” examinations, as well as for different x-ray beam qualities. The CTDIW is 
the most robust and commonly used metric to represent radiation output in CT applications. After the introduction of 
spiral acquisition, another variation of CTDI was introduced to account for dose dependence on the pitch factor:

It is well known that the information related to dosimetric indexes cannot be translated directly into patient dose quan-
tities, such as organ doses. Considering the CTDIW, the standard body phantom diameter (32 cm of PMMA) is represent-
ative of average sized patients but will underestimate the actual absorbed dose for a paediatric patient or overestimate 
the actual absorbed dose for an obese patient. On the other hand, dosimetric indexes are a useful tool to assess dose 
reference levels and to compare different protocols and equipment of the same kind. In this sense, while CTDIW and 
CTDIvol have served the medical physics community well over the years, technical advances in CT applications have led to 
increasing difficulties in employing these metrics for patient dose management.

CTDIw = CTDI100 , central CTDI100 , peripheral+1
3

2
3

CTDIvol = CTDIw

1
Pitch

 [A3.3] 

 [A3.4] 
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An important challenge has been the increasing nominal collimations employed in CT applications, which leads to in-
creasing under-representations of patient dose estimates when using the CTDIW due to systematic underestimation of 
scatter radiation. The CTDIW can underestimate the actual dose by 20% for nominal x-ray beam collimations lower than 
40 mm, and even more for wider nominal collimations. The use of CTDIw is also problematic for CT exposures where the 
patient remains stationary throughout the scan, with single or multiple acquisitions, such as in the case of CT perfusion 
examinations. In these cases, the sum of scatter and primary radiation resulting from the pencil chamber measurements 
provide an overestimation of the average dose within the scanned volume and also of the dose to the skin, as shown in 
figure A3.2 (reference 83). 

ΑPPENDIX 3 / Discussion about Different In-Phantom Dosimetry Indexes

FIGURE A3.2. This plot shows the superposition of 5 single contiguous scan dose profiles measured inside a body phantom with a beam 
collimation of 2 cm. The black line represents the total dose distribution resulting from the 5 scans and the dotted line represents the 
CTDI100 value, which is close to the total dose in the centre part of the scanned volume. Note that the CTDI100 value is in this case about 
three times the maximum value of the single scan dose profile: when the patient is stationary during the scan, as for example in the case 
of CT perfusion examinations, the sum of scatter and primary radiation resulting from the pencil chamber measurements provide an 

overestimation of the average dose within the scanned volume.
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For a generic CBCT, we can distinguish two different cases related to the beam collimation along the longitudinal axis. 
When the collimation is greater than or equal to 100 mm, the CTDI100 definition can be adapted by substituting the term 
“T” in the equation A3.2 with the pencil length of 100 mm. The meaning of this measurement becomes the average dose 
inside the scanned volume along the central 100 mm, and some84 call this dosimetric quantity Cone Beam Dose Index 
(figureA3.3). On the other hand, when the beam collimation is below 100 mm, the original CTDI100 definition is applicable, 
but with an overestimation of average dose inside the scanned volume as previously indicated (see figureA3.2).  

FIGURE A3.3.This plot shows a dose profile of a single scan with a beam collimation of 100 mm. The CTDI (or CBDI) value 
corresponds to the average dose along the acquired volume, a bit lower than the maximum value of the dose profile.
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Another practical issue in applying the CTDI metrics to CBCT is the phantom positioning. While for radiotherapy CBCT 
and for C-arm CBCT with patient couches it is quite easy to position the phantoms in a similar way of MSCT, for dental 
CBCT this task is in general complex for different reasons such as:

•	 the availability of stands to position vertically the phantom;
•	 the availability of laser lights or other indications to centre the phantom;
•	� the relative position of FOV and phantom, with the question if it is better to follow a pure geometrical approach (same 

centre for FOV and phantom) or a more clinical approach (FOV centred peripherally as for an examination of frontal or 
lateral dental arcade).

IAEA adaptation of CTDI definition for wide beam collimations 
In order to account for wide beam collimations, the method proposed by the IAEA considers the evaluation of the CTDI 
free in air over the entire beam profile, with an integration length of at least NxT + 40 mm, where N is the number of 
active data channels in a stationary axial scan, and T is the nominal thickness of each data channel82. For beam widths 
greater than 60 mm, the suggested measurement approach is to use of the standard 100 mm CT pencil ionization cham-
ber, and stepping through the beam at regular intervals, usually at a distance equal to the chamber length. For a generic 
MSCT, in air measurements should be performed for a reference beam collimation with a width lower or equal to 40 
mm and for all the other collimations, whereas in phantom dosimetry can be performed measuring the CTDI only for 
the reference beam collimation. After that, the in phantom CTDI100 for a generic collimation NxT can be estimated using 
the following relationship (Eq. A3.5):

ΑPPENDIX 3 / Discussion about Different In-Phantom Dosimetry Indexes

 [A3.5] CTDI100 , ΝxΤ= Dref (z)dz(∫ ( )) x
1

(NxT)ref
+50mm
-50mm

CTDI free–in–air,NxT
CTDI free–in–air, ref
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This method has been adopted by the IEC and it is reported in the IEC- 60601-2-44 – Ed. 3 Amendment 1 (2010). As a con-
sequence, the future MSCT equipment with wide collimations should use this method for the calculation of the displayed 
CTDIvol values at the console.

The application of this approach to CBCT raises several issues. First of all, few CBCT equipment allow to define longitudi-
nal beam collimations below 40 mm as a reference. Secondly, even in cases when this collimation would be achievable, 
this method would be affected by the problem of the inaccurate consideration of scatter contribution, already described 
in the previous paragraphs for the traditional CTDI definition.

AAPM and ICRU approach for MSCT and CBCT: the cumulative central dose 
In 2010, the AAPM task group 111 published a report aimed to give a comprehensive methodology for the evaluation 
of radiation dose in x-ray computed tomography, including fan beam and cone beam scanning with or without longitu-
dinal translation of the patient table85. The described dosimetric approach considers a single point chamber positioned 
at the centre of a cylindrical head or body phantom. For helical MSCT the measurement procedure is performed by the 
table translation and accumulation by the point chamber of the scatter and primary beam contributions. The measured 
quantity is called “cumulative dose” DL(z). An extensive and well-designed discussion is provided in this report about the 
relative effects of the scanning and phantom lengths along the longitudinal axis. In particular, the central cumulative 
dose increases with the scanning length and it approaches an equilibrium value for relative high scanning lengths, of 
about 45 cm with three stacked CTDI PMMA phantoms. The same quantities and experimental approach is also included 
in the ICRU 87 report61, although a different cylindrical phantom is proposed for assessment of dose and image quality. 
Since the use of a triple phantom can be very hard to manage in routine quality controls, in the ICRU report the proposal 
is to use single phantoms in the clinical environment and to ask the manufacturer to perform the dose assessment with a
triple phantom, together with the calculation of the “approach to equilibrium function”, which allow to extrapolate single 
phantom measurements to triple phantom evaluations. 
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The situation of the cone-beam scanning without table/phantom translation is also considered in the AAPM TG 111 re-
port. In this case the cumulative dose is a direct punctual measurement of the dose at the centre of the scanned volume 
and it represents also the maximum value of the dose profile along the longitudinal axis. To apply this method, the same 
critical aspects of phantom positioning already described for CTDI have to be considered, in particular for dental CBCT. A 
comparison of single and triple phantom measurements for a radiotherapy CBCT can be found in references 86 and 87.

IN PHANTOM DOSIMETRIC INDEXES PROPOSED BY THE SEDENTEX-CT PROJECT
For dental CBCT, the SEDENTEXCT project8 proposed the use of dose indexes obtained from measurements performed with 
small volume dosemeters positioned in the middle plane of a cylindrical Perspex phantom (recommended diameter of 16 cm).  

A first index requires measurements along a diameter of the phantom (Figure A3.5a) and is calculated as the mean of the 
dosimeter readings. A second index is obtained by measurements at the centre of the phantom and at points around the 
periphery, as the positions of weighted CTDI.  An advantage of Index 1 is the possibility of measurements for on-axis and 
off-axis exposures, since a simple rotation of the phantom allows having always the isocentre of the FOV on the measur-
ing diameter. On the other hand, index 2 is only suitable for symmetrical dose distributions. 

ΑPPENDIX 3 / Discussion about Different In-Phantom Dosimetry Indexes

FIGURE A3.4. Setup for the measurement of cumulative central dose in CBCT with a triple CTDI phantom configuration.
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FIGURE A3.5. Sedentex-CT dose indexes: (a) and (b) show two possible configurations of index 1 with dosemeters 
positioned along the phantom diameter; (c) show the measurement positions for index 2.

These indexes are potential suitable not only for dental CT but also for other CBCT applications. Index 2 is easy to meas-
ure with a small volume ionization chamber positioned in a traditional CTDI phantom, and in this sense is similar to the 
central cumulative dose considered by the AAPM. One of the limitations of index 1 is related to the need of a custom 
phantom that allows the positioning of the ionization chamber or other dosemeters, such as TLDs along the phantom 
diameter. Another potential limitation is that it can be a time consuming method. In particular, when using an ionization 
chamber, about 10 measurements are needed along the diameter of the phantom.



EFOMP-ESTRO-IAEA protocol  |  117



118  |  Quality control in cone-beam computed tomography (CBCT)



EFOMP-ESTRO-IAEA protocol  |  119

——

APPENDIX 4

Examples of  
Free Analysis Software 

——



120  |  Quality control in cone-beam computed tomography (CBCT)

APPENDIX 4 / Examples of Free Analysis Software

Α 4.1. | IQWorks

IQWorks is a freely distributed program designed to provide automated image analysis of DICOM images, such as those 
obtained from CT.

It has a number of built of functions that allow the image quality tests recommended in this report to be carried out includ-
ing: Region of interest analysis, Distance Measurement, Signal-to-noise ratio, MTF (edge/line analysis and PSF) and Noise 
Power Spectrum. Another feature of IQWorks is the automatic production of reports detailing the results of the tests.

More details and a download link can be found on the IQWorks website at www.iqworks.org.
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FIGURE A4.1.IQWorks being used to analyse the image of a phantom.
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Α 4.2. | ImageJ

Examples of ImageJ have been included in the text where appropriate. ImageJ is organized in windows that appear only 
when you are using their functions. As an example, figure A3.2.1. shows the windows of the main of ImageJ, a window 
showing a slice of a phantom (with two ROIs in the positions indicated in section 3.5 to measure the CNR), the “window/
level” window and the window showing the results from the measurements of these ROIs.

Figure A4.2. ImageJ being used to measure CNR in the slice image of a phantom
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APPENDIX 5

Macro for Calculations
of Noise Power Spectrum
///////////////////////////////////////////////////////////////

//NPS_2D 

//Computes the average NPS of a stack of 2D images from a uniform phantom

//Julia Garayoa Roca and Pablo Castro Tejero

//////////////////////////////////////////////////////////////

//get stack dimensions 

Stack.getDimensions(width, height, channels, slices, frames); 

Nim = slices; 

//get pixel and image sizes 

getPixelSize(unit,w_px,h_px); 

H=getHeight(); 

W=getWidth(); 

//reset Measurements 

run("Set Measurements...","area standard deviation min and max gray value centroid mean");

//set Threshold to locate phantom centre 

setThreshold(-2000,-500); 
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doWand(H/2,W/2); 
run("Measure"); 
x_c=getResult("X",nResults-1); 
y_c=getResult("Y",nResults-1); 
resetThreshold; 

//create an internal Clipboard for each stack image (ROI 128 px x 128 px).
//subtract ROI mean pixel value 
//compute Fourier Transform (FT) and |FT|^2  
d = 128; //ROi size in pixel 

for(i = 1; i< Nim+1; i++){ 
setSlice(i); 
makeRectangle(x_c/w_px-d/2,y_c/h_px-d/2,d,d); 
run("Copy"); 
run("Internal Clipboard"); 
run("32-bit"); 

APPENDIX 5 / Macro for Calculations of Noise Power Spectrum 
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//subtract ROI mean pixel value until it reaches a value < 0.0001
vm = 1e6;
      while (abs(vm) > 1e-4){ 

	 selectImage("Clipboard"); 
	 run("Measure"); 
	 vm = getResult("Mean",nResults-1);
	 run("Subtract...","value=vm");
     
     }

     //compute FFT: fft raw
    run("FFT Options..."," raw");
    run("FFT"); 
    selectImage("Clipboard");
    run("Close"); 
    selectImage("PS of Clipboard");
    rename(d2s(i,0));
    selectImage(1); 
} 

APPENDIX 5 / Macro for Calculations of Noise Power Spectrum 
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//average the NPS from each image. 
run("Images to Stack", "name=NPSs title=[] use");  
run("Z Project...", "start=1 stop=96 projection=[Average Intensity]"); 

//Multiply image by dimensional factors: w_px*h_px/d/d 
factor=w_px*h_px/d/d; 
run("Multiply...", "value=factor");

APPENDIX 5 / Macro for Calculations of Noise Power Spectrum 
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APPENDIX 6

Other Methods for
Low-Contrast Evaluations

Α 6.1. | Subjective methods

Groups of signals of different sizes and intensities are presented to several “observers”, who may be medical doctors, 
physicists, radiographers or trained observers. The observers are asked to identify which of the presented signals are 
clearly distinguishable. The results from all observers are averaged and a final score is obtained that reflects the low-con-
trast resolution of the imaging system. These human observer studies are very complex and time consuming, thus they 
are not practical for quality control.

Apart from that, a great variation appears between the scorings of the same observer in different sessions (intra-observ-
er variation) and between different observers (inter-observer variation). Despite that, subjective methods are indeed 
better than no quality control at all. Therefore, subjective methods are only acceptable if they are the only alternative 
that is available.

Example 
In the case of one of the traditional phantoms used in CT image quality assessment, (see figure A6.1), the evaluation 
is strongly biased because the observer knows beforehand the distribution of the objects in the phantom. This can be 
overcome subtracting samples containing either the signals or background in the phantom images and showing them 
to the human observers in multiple-alternative forced choice experiments (M-AFC). Thus for each object analysed 
in the study, a proportion correct (PC) can be obtained for each observer88. A certain degree of subjectivity remains 
though, because different observers (and even the same observer in different moments), may have different opinions 
about what is “visible”.
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The objective method suggested here is based on Albert Rose’s principle, proposed in 194889-92 regarding detectability of 
threshold signals in electronic systems that register photon events, like television cameras. For single photon events, Rose 
states that a signal which deviates by two standard deviations has a probability of 0.023 of being a noise fluctuation rather 
than a true, detectable threshold signal. The probability for signals deviating by three standard deviations is 0.0013.

For a two dimensional image of a homogeneous object (flat field image), the standard deviation in Rose’s case corresponds to 
the standard deviation of the mean value for a large number of circular regions of interest (ROIs) of a certain size placed in the 
central 10% (area) of the slice. Uniformity is a key parameter for which a dental CBCT differs substantially from a medical CT. 
Due to its acquisition geometry and lack of beam shaping filters, a dental CBCT has, in general, poor uniformity performance.

Figure A6.1.Left: A traditional phantom for subjective quality control. Right: Graphical user interface of a program 
designed to detect the signals of that phantom in an unbiased environment.

APPENDIX 6 / Other Methods for Low-Contrast Evaluations

Α 6.2. | Contrast-detail (using an objective method)
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The pixel values at the periphery of a homogeneous phantom slice often differ more than 100 pixel units from those 
at the centre. The corresponding figure for a medical CT is around 3 to 5 pixel units. This is important to consider when 
evaluating low contrast resolution (the Contrast-Detail Diagram). Because of this lack of uniformity, the ROIs will all need 
to be placed in a limited area at the centre of the image, in the homogeneous part of the phantom. If not placed so, the 
mean value of the ROIs will show variation caused by poor uniformity rather than by random variations within a largely 
homogeneous area. Homogeneity of the phantom is necessary for the validity of Rose’s statement93,94,95. For this reason, 
an area covering only the central 10% of the image area should be used for analysis.

The objective method to apply a contrast-detail analysis is reproduced here from Torgersen et al97. The number of ROIs 
examined should be around 1000 for a specified ROI size. The ROIs are randomly placed with their centres inside the 
central 10% area of the slice and are allowed to overlap. The mean pixel value in each ROI is measured and, after com-
pletion, the standard deviation of the mean values is calculated. The threshold value for low contrast detectability for an 
object with a size such as this ROI size is set to three times the standard deviation. This practically eliminates the possi-
bility that a deviating signal is due to random variation. By repeating this procedure with 10 different ROI sizes, where 
ROI size number n will produce an ROI with a diameter of 2n times 1.5 pixels, a Contrast-Detail diagram can be created. 
Part of this procedure is illustrated in figure A6.2 below, where ROIs of three different sizes are presented. This objective 
method for producing a Contrast-Detail diagram has been recommended by the Swedish Radiation Safety Authority for 
determining the low contrast detectability of conventional medical CT scanners since 199596.
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The area under the contrast-detail curve can be used as an index to monitor the low contrast properties of the CBCT unit 
over time. Also, the sum of the mean pixel values for the 10 ROI sizes, which is equal to the signal response from the 
CBCT unit when exposed at a certain voltage (kV) and charge (mAs), produces a value that reflects the reproducibility and 
sensitivity of the system.

An example of a contrast-detail diagram for a dental CBCT unit is shown in figure A6.3. The method has been published 
in the paper by Torgersen et al97.

APPENDIX 6 / Other Methods for Low-Contrast Evaluations

FIGURE A6.2. Placing of ROIs of three different sizes for the determination of the contrast-detail diagram.
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FIGURE A6.3. Contrast-detail diagram for a dental CBCT.

An evolution of subjective methods, which is feasible for digital imaging technologies, is the automatic evaluation of subtle 
signals by specific software. In general, this method requires the acquisition of many images to obtain a reliable and highly 
reproducible result. The computer can perform the evaluations very fast, but the acquisition of many images can be a problem 
in busy facilities and the storage of many tomographic series can be a burden for some PACS. Automatic detection of signals 
is an active area of research. In particular, the ability of certain software to simulate a human observer is critical, because a 
computer program can usually detect signals that our brain is not able to process. As opposed to that, sometimes human 
perception is able to detect signals that are invisible to the computer because they are almost completely hidden within the 
noisy background; the human brain can distinguish a signal within a pattern only because the person knows it has to be there.  

For this reason, models can be useful tools to analyse how different acquisition or reconstruction parameters affect image qual-
ity in phantom images, but further research has to be done before using these models for clinical practice applications in CBCT.

Α 6.3. | Model observers
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FIGURE A6.4. Examples of detectability evaluations using model observers in a geometrical image quality phantom.

Different model observers can be applied in quality control in CT. In particular, the non-prewhitening matched filter with 
an eye filter (NPWE) and the channelized Hotelling (CHO) model observers have reproduced human trends in low con-
trast detection tasks scoring CT phantom images acquired at varying dose levels98,99,100,101. These models include functions 
that aim to reproduce the detection process using different strategies. The NPWE model uses an eye filter to include 
the human contrast sensitivity function and the CHO model emulates the human vision process in the visual cortex as 
multiple channels, each of them sensitive to a narrow range of spatial frequencies.  There are several eye filters and 
channels available in the literature. The model observer results can be tuned to fit human performance using efficiency 
parameters or adding internal noise.
 
The models perform measures in the samples subtracted from the phantom images, after applying different transforma-
tions (eye filter or channels), and from the test statistics, calculate a detectability index or d’ for each object. The higher 
d’ value implies better detection, as shown in figure A6.4., based on images of a low-contrast phantom and two model 
observers (NPWE and CHO). 

APPENDIX 6 / Other Methods for Low-Contrast Evaluations
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Introduction 
In recent years there have been several efforts to investigate the most robust dose index metric for CBCT that may be used 
for quality assurance (QA), as well as for the purpose of estimating patient dose. Although Effective Dose (ED) was by far the 
dominant dosimetry quantity, a range of other dose metrics was quoted in the published articles. These included Kerma-Area 
Product (KAP), Dose Length Product (DLP), Dose Height Product (DHP), CTDIw, CTDIvol, CBDIW, Central axis dose or “Dose to the 
field of view” (DFOV), DPI100,c (Dose Product Integral), DI (Dose Index) and incident air kerma.  In a recent study a new model of 
calculation of the incident air kerma at the patient skin is proposed, universally applicable to all MSCT and CBCT equipment [A1].

There is presently no consensus on a standardization of radiation dosimetry for CBCT applications, and the situation with 
two (or more) QA metrics for radiation dosimetry with CBCT will continue until such consensus is reached. This is also due 
to the difference in the acquisition technique and the type of exam between the various applications.
In this section, several efforts for estimating patient dose with CBCT applications are summarized for the benefit of the 
clinical medical physicist responsible for optimization of image quality and radiation dose.

For convenience, the analysis has been made grouping the CBCT applications in three categories:
•	 Radiotherapy
•	 Interventional radiology and guided surgery
•	 Dental and Maxillofacial

For this appendix the references are numbered as A1, A2, A3... etc. The references indicated within the tables are num-
bered with single figures (1,2,3... etc). 

A1 �de las Heras Gala H, Schöfer F, Schöfer H, Sánchez Casanueva RM et al. A patient-centric approach to quality control 
and dosimetry in CT including CBCT. Physica Medica. 2018;47:92-102.
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CBCT systems were integrated into a radiotherapy treatment room after the publication of Jaffray et. al. [A2;A3] in 1998 
and became commercially available in 2005 [A4]. 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 during it. The reconstructed CBCT images can be used to correct patient position prior to treatment 
or as a basis to adapt the treatment plan to the changing anatomy of the patient during the course of their radiotherapy. 
The introduction of CBCT for Image Guided Radiation Therapy (IGRT) proceeded initially with little regard for the extra 
radiation dose delivered by the imaging system. 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 concern for the 
concomitant imaging dose.

Over 120 publications of interest were identified, including 8 review papers. The most relevant results are reported here. 
They can be grouped in two major categories: studies using physical phantoms combined with different types of dosim-
eters and studies based on Monte Carlo simulations combined with voxelized phantoms.

The majority of the papers were focused on physical phantom studies. Different types of phantoms have been used: 
anthropomorphic male/female phantoms, CT and radiotherapy phantoms, different types of custom phantoms. In the 
same way, several different dosimeters have been adopted (predominantly TLD, followed by MOSFET, ionization cham-
bers, radiochromic films, OSL, diodes, RPL and gel dosimetry) with the purpose of estimating organ dose (including skin 
dose) as well as point dose.

5.4.1 | Radiotherapy applications
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The rest of the papers dealt with Monte Carlo calculations, with or without comparison against experimental results, per-
formed both on adult and paediatric voxel phantoms. There are two main research groups who have developed Monte 
Carlo (MC) models of CBCT imaging systems. Spezi et al [A5] have developed a model for one commercial CBCT scanner 
using EGSnrc/BEAMnrc and BEAMPP. Ding et al [A6] have developed their MC model of a different commercial CBCT 
scanner using the EGSnrc/BEAMnrc code in their early work and more recently with the BEAM/DOSXYZnrc code. Chow 
[A7] has also modelled one the same commercial system of Spezi using BEAMnrc and a Matlab based implementation 
of DOSXYZnrc.

An extensive review has been published by Alaei P. and Spezi E. (18). This review summarizes the imaging dose delivered 
to patients as the result of CBCT imaging performed in radiation therapy using current methods and equipment. It also 
summarizes methods to calculate imaging dose including the use of Monte Carlo and treatment planning systems. Pe-
ripheral dose from CBCT imaging, dose reduction methods, the use of effective dose in describing imaging dose and the 
measurement of CTDI in CBCT systems are also discussed.

The reviewed publications displayed a wide range of variability for the indication, protocol, system and methodologies 
used to estimate the doses. CBDIW (weighted cone-beam dose index) can be adopted as good metrology to compare the 
different protocols and optimize them.

CBDIw reflects the variation of dose deposition at depth by differentially weighting peripheral (p) and central (c) doses 
measured in standard CTDI phantoms.
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Organ doses can be important and should be taken into consideration in order to evaluate the total dose to organs from 
radiotherapy and associated imaging

The review of existing recommendations and the suggestion of a comprehensive and clinically implementable approach 
are required. Paediatric patients require more studies with respect to both acquisition protocols and dose optimization. 
The results have been summarized in table A7.1, which is divided for different body parts (head and neck, chest, abdo-
men and pelvis, prostate, breast and lung), or purpose (e.g. Spotlight), showing the dose indicator used in the paper, the 
used methodology and the related reference identification.

APPENDIX 7 | EURADOS-EFOMP Discussion on Patient Dosimetry for CBCT

Treatment Dose indicator Range Methodology Ref.

Head
and
neck

Effective
Dose

0.03 ÷ 0.06 mSv MC simulations (GATE), ICRP voxel phantoms
linac CBCT

1

8.54 mSv MC simulations MCNPX
Computational phantom

2

2.8 ÷ 10 mSv TLD + Phantom 3,4
0.11 ÷ 0.76 mSv/100 mAs MC simulations (DOSXYZnrc)

21

Organ
Doses

0.82 ÷ 1.01 mGy TLD + anthropomorphic phantom
Organs entirely within the irradiation field
linac CBCT

5

4.09 ÷ 8.28 cGy Standard mode, Cardiac torso phantom, Geant4 
Application for Tomographic Emission (GATE)

6

Table A7.1. Summary of the range of doses, represented as (minimum dose ÷ maximum dose or value ± uncertainty) for 
different body parts, dose indicators and methodologies retrieved from the reviewed papers for radiotherapy applications.
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Treatment Dose indicator Range Methodology Ref.

Head
and
neck

Organ
Doses

1.61 ÷ 1.89 cGy Low dose mode, Cardiac torso phantom, Geant4 
Application for Tomographic Emission (GATE) 6

0.03 ÷ 4.91 cGy Radiochromic films, Anthropomorphic phantom 7

5 ÷ 23 cGy Vanderbilt-Monte-Carlo-Beam-
Calibration algorithm, Pediatric (29 m) 8

3.2 ÷ 3.5 mGy Optically stimulated luminescence
dosimeters (OSLD), linac CBCT 9

0.27 ÷ 5.78 mGy/100 mAs MC simulations (DOSXYZnrc) 21
6.38 ÷ 8.30 mGy Monte Carlo (MCNP6 and GATE) 22

Phantom dose 0.09 ÷ 0.11 cGy Head phantoms, Farmer cylindrical chamber 10

CBDIW
5.17 mGy (Varian)
0.98 mGy (Elekta)

Pencil chamber
CTDI phantom 11

DFOV 4.2 ÷ 8.8 mGy Solid-state probe

19
KAP 1.5 ÷ 2.7 Gy cm2 KAP meter

Incident air kerma 1.5 ÷ 3.2 mGy
(pending further validation)

PAKT method
Solid-state probe

Chest

Effective
Dose

1.38 ÷ 3.19 mSv MC simulations (GATE)
ICRP voxel phantoms, linac CBCT 1

24 mSv TLD + Phantom 4
1.04 ÷ 5.60 mSv/100 mAs MC simulations (DOSXYZnrc) 21

Organ
Doses

7.9 ÷ 22.3 mGy TLD + anthropomorphic phantom, Organs 
entirely within the irradiation field, linac CBCT 5

1.33 ÷ 1.85 cGy/scan MC simulations,
Computational phantoms, linac CBCT 12

0. 70 ÷ 3.15 cGy Radiochromic films, Anthropomorphic phantom 7
0.61 ÷ 17.28 mGy/100 mAs MC simulations (DOSXYZnrc) 21

15.17 ÷ 16.88 mGy Monte Carlo (MCNP6 and GATE) 22
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Treatment Dose indicator Range Methodology Ref.

Chest

Phantom
dose

2.19 ÷ 2.51 cGy
Body phantoms
Farmer cylindrical chamber

10

CBDIW

6.14 mGy (Varian)
16.62 mGy (Elekta)

Pencil chamber
CTDI phantom

11

DFOV 8.8 ± 0.5 mGy Solid-state probe

19
KAP 4.5 ± 0.3 Gy cm2 KAP meter

Incident air 
kerma

3.9 ± 0.3 mGy
(pending further validation)

PAKT method
Solid-state probe

Abdomen
and Pelvis

Effective
Dose

1.11 ÷ 2.80 mSv
MC simulations (GATE)
ICRP voxel phantoms
linac CBCT

1

14.3 mSv TLD + Phantom 3
2.73 ÷ 13.99 mSv/100 mAs MC simulations (DOSXYZnrc) 21

Organ
Doses

13.5 ÷ 22.3 mGy
TLD + Rando Alderson phantom
Organs entirely within the irradiation field
linac CBCT

5

4.30 ÷ 7.48 cGy

Standard mode
Cardiac torso phantom
Geant4 Application for
Tomographic Emission (GATE)

6

0.79 ÷ 1.85 cGy

Low dose mode
Cardiac torso phantom
Geant4 Application for
Tomographic Emission (GATE)

6
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Treatment Dose indicator Range Methodology Ref.

Abdomen
and Pelvis

Organ
Doses

0.50 ÷ 6.50 cGy
Radiochromic films
Anthropomorphic phantom

7

3 ÷ 17 cGy
Vanderbilt-Monte-Carlo-Beam-
Calibration algorithm
Pediatric (29 m)

8

2.22 ÷ 47.94 mGy/100 mAs MC simulations (DOSXYZnrc) 21
24.15 ÷ 53.70 mGy Monte Carlo (MCNP6 and (GATE) 22

Absorbed
Dose

0.0 ÷ 7.2 cGy
5y Anthropomorphic phantom
MOSFET

13

CBDIW

21.57 mGy (Varian)
24.13 mGy (Elekta)

Pencil chamber
CTDI phantom

11

DFOV 35 ± 2 mGy Solid-state probe

19
KAP 18 ± 2 Gy cm2 KAP meter

Incident air 
kerma

15.5 ± 1.0 mGy
(pending further valida-

tion)

PAKT method
Solid-state probe

Prostate

Effective Dose 6.25 mSv MC simulations MCNPX, Computational Phantom 2

Organ Doses
2.5 ÷ 3. 1 cGy

Anthropomorphic phantoms
TLDs

14

29.1 ÷ 30.2 mGy
Other organs: 0.1 ÷ 37.8 mGy

Rando phantom with TLD and
PCXMC estimations

20

Phantom dose 2.94 ÷ 3.51 cGy
Body phantoms
Farmer cylindrical chamber

10

CBDIW 17.2 mGy (Varian)
Pencil chamber
CTDI phantom

15

APPENDIX 7 | EURADOS-EFOMP Discussion on Patient Dosimetry for CBCT
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Treatment Dose indicator Range Methodology Ref.

Breast

Effective
Dose

2.01 mSv left breast setup
2.45 mSv right breast setup

Female anthropomorphic
phantom and TLD

16

15.3 mSv Phantom TLD 3

Organ Doses 3.9 ÷ 6.4 mGy
Female anthropomorphic
phantom and TLD

16

Lung Organ dose 10 ÷ 50 mGy Anthropomorphic phantoms TLD 17

Spotlight

DFOV 44 ± 3 mGy Solid-state probe

19
KAP 13.8 ± 0.9 Gy cm2 KAP meter

Incident air
kerma

16.3 ± 0.9 mGy
(pending further validation)

PAKT method
Solid-state probe

APPENDIX 7 | EURADOS-EFOMP Discussion on Patient Dosimetry for CBCT
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C-arm cone-beam CT (often called Flat detector CT or FD-DT) provides high- and low-contrast soft tissue (“CT-like”) imag-
es in multiple viewing planes. Because of this enhanced 3D imaging capability, C-arm cone-beam CT offers more subtle 
vascular and soft tissue information and constitutes a substantial improvement over conventional single-planar digital 
subtraction angiography (DSA) and fluoroscopy. Although C-arm cone-beam CT has been in development for the past 
two decades, it has only been applied in the interventional radiology clinic in recent years. Potential vascular applications 
of C-arm cone-beam CT include its use for pre-procedure anatomic diagnosis and treatment planning, intra-procedure 
device or implant positioning assessment, and post-procedure assessment of procedure endpoints.

C-arm cone-beam CT image-guided tumour therapy is one of the fastest growing applications in radiology; it applies to 
all body regions and includes tumour embolization and radiofrequency ablation. Vascular interventions for treatment 
of aneurysms and arteriovenous malformations, stent imaging and angioplasties are also growing in importance. Angio-
graphic C-arm cone-beam CT is particularly helpful during neuro-interventional procedures, i.e. intracranial stenting for 
cerebrovascular stenosis, stent- assisted coil-embolization of wide-necked cerebral aneurysms and embolization of arte-
riovenous malformations of the brain. Additionally, by providing morphologic images of the brain within the angio suite 
C-arm, cone-beam CT is able to work up periprocedural haemorrhage in the rare cases of intraprocedural aneurysm or 
AVM rupture and may thus significantly improve immediate complication management without the need to transfer the 
patient to the CT suite. Spinal interventions such as kyphoplasty or vertebroplasty also benefit from Flat Detector CT.

Intra-operative imaging has also shown an impressive upward trend over the past few years. It is focused on orthopaedic 
and trauma surgery, such as joint replacements and spine surgery. Similar to the situation in the interventional suite, 
it allows immediate and conclusive control of the surgical intervention, as for example the correct placement of screws 
without impairment of joint function.

5.4.2 | Interventional applications
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A literature review focusing on C-arm cone-beam CT imaging was undertaken. Over 60 relevant papers were identified. The 
papers dealing with dosimetry for procedures performed with C-arms have been divided in the following sub-categories:

•	 Neuro-interventions
•	 Vascular Procedures
•	 Non-Vascular procedures
•	 Surgery

All dose evaluations have been performed either in phantoms (e.g. adult Alderson Rando) using TLDs and Mosfets and 
estimating organ doses and effective dose and on procedures performed on real patients, simulating the irradiation with 
the PCXMC software (Stuk, Helsinki, FI* ) based on the ICRP 103 [A8] weight coefficients and the KAP provided by the 
equipment (derived from the RDSR for irradiation event or an average) as original value.

The results of the reviewed paper for this appendix have been summarized in table A7.2, which is divided into different 
procedures (neuro, vascular, non-vascular and surgery), showing the dose indicator used in the paper, the used method-
ology and the related reference identification.

* 	See website: http://www.stuk.fi/palvelut/pcxmc-a-monte-carlo-program-for-calculating-patient-doses-in-medical-x-ray-examinations
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Table A7.2. Summary of the range of doses, represented as (minimum dose ÷ maximum dose) or (average ± st. dev) 
for different procedures (neuro, vascular, non-vascular and surgery) dose indicators and methodologies retrieved 

from the reviewed papers for interventional applications.

Procedure Dose indicator Range Methodology Ref.

Neuro

CTDI
9 mGy (high contrast)
75 mGy (soft tissue)

105 Clinical patients (217 scans)
172 high contrast 

45 soft tissue
1

Effective
Dose

0.30 ± 0.08 mSv
48 patients

Monte Carlo (PCXMC, STUK, FI)
TLDs using a human-shaped phantom.

2

Soft tissue:
0.4 mSv (low dose)

1.87 mSv (high dose)

High Contrast:
0.16 mSv (low dose)
0.24 mSv (high dose)

Organ dose (mosfet + anthropomorphic
adult male phantom)

Monte Carlo (PCXMC, STUK, FI)
3

0.83 ÷ 1.6 mSv
99 clinical procedures +

anthropomorphic adult male phantom
4

0.47 ÷ 1.2 mSv
anthropomorphic phantom

small sized silicon-photodiode
5
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Neuro

Effective
Dose

0.38 ÷ 0.87 mSv
Anthropomorphic adult male phantom

MOSFET
6

0.3 ± 0.08 mSv

Anthropomorphic phantom
TLD,

CTDI Phantom
Pencil Chamber

7,
13

4.4 ÷ 5.4 mSv
Anthropomorphic adult phantom

TLD
High and low dose protocols

10

KAP

9.41 ± 2.50 Gy·cm2
48 patients
KAP meter

2

11.75 ÷ 23.5 Gy·cm2
99 clinical procedures +

Anthropomorphic adult male phantom
4

5.99 ÷ 9.61 Gy·cm2
Anthropomorphic adult male phantom

MOSFET
6

9.4 ± 2 Gy·cm2
Anthropomorphic phantom

TLD
7

9 ÷ 43 Gy·cm2 KAP meter 31

Organ
Dose

Brain dose: 16 ÷ 32 mGy
99 clinical procedures +

anthropomorphic adult male phantom
4

Brain dose: 14 ÷ 37 mGy
Anthropomorphic phantom

Small sized silicon-photodiode
5

Brain dose: 5 ÷ 6 mGy
Anthropomorphic adult male phantom

MOSFET
6

Brain dose: 6 mGy
Anthropomorphic phantom

TLD
7
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Neuro

DFOV 21 ÷ 88 mGy Solid-state probe 

31Incident
air kerma

7.6 ÷ 32.2 mGy
(pending further

validation)

PAKT method
Solid-state probe

Vascular

Effective
Dose

4 ÷ 5 mSv
Abdominal protocol

Anthropomorphic phantom 
Small sized silicon-photodiode

5

1.1 ÷ 7.4 mSv
40 patients – Abdominal Aneurysm

Monte Carlo (PCXMC, STUK, FI)
8

15 ÷ 37 mSv
Anthropomorphic adult phantom

TLD
High and low dose abdomen protocols

10

11.5±2.3 mSv (male)
11.3±3.0 mSv (female)

125 patients – liver embolization
Anthropomorphic adult phantom

TLD
11

1.9 mSv (small ph.)
2.2 mSv (medium ph.)

2.1 mSv (large ph.)

Anthropomorphic phantom (3 sizes)
TLD + 

Monte Carlo
12

6.01 ÷ 7.32 mSv (chest)
7.04÷ 7.48mSv (abdomen)

Anthropomorphic phantom 
TLD

7

KAP

3.7 ÷ 25.6 Gy·cm2
40 patients – Abdominal Aneurysm

Monte Carlo (PCXMC, STUK, FI)
8

21.58 ÷ 42.62 Gy·cm2 126 patients – TACE 9
61.0 ± 6.6 Gy·cm2 (male)

52.2 ± 8.3 Gy·cm2 (female)
125 patients – liver embolization 11
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Vascular

Entrance
Surface Dose

81.36 ÷ 157.83 mGy 126 patients – TACE 9

Organ dose 0.3 ÷ 13. 3 mGy
Anthropomorphic phantom (3 sizes)

TLD +
Monte Carlo

12

Non
vascular

Effective Dose

0.98 ÷ 1.15 mSv
Anthropomorphic phantom (3 sizes)

TLD
Endobronchial procedure

15

7.6 mSv (upper thorax)
12.3 mSv (lower thorax)

16.1 mSv (upper abdomen) 
13.4 mSv (lower abdomen)

MonteCarlo calculations 16

5.4 ÷ 8.39 mSv (Spine)
17.10 ÷ 36.59 mSv (Biliar)

Anthropomorphic adult male phantom
MOSFET

6

Organ Doses 0.32 ÷ 0.48 mSv (Lungs)
Anthropomorphic phantom (3 sizes)

TLD
Endobronchial procedure

15

KAP
16.5 ÷ 126.5 Gy·cm2

Renal biopsy – 41 procedures 
KAP meter

17

8.39 ÷ 36.59 Gy·cm2 (spine)
4.63 ÷ 24.31 Gy·cm2 (biliar)

Anthropomorphic adult male phantom
MOSFET

6
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Non
vascular

CTDIW – like 

1.2 ÷ 12.50 mGy 
Lumbar spine

3.70 ÷ 11.5 mGy 
Thoracic spine

CTDI Phantom
Pencil Chamber

13

1.8 mGy (thoracic bone)
3.2 mGy (lumbar bone)

4.3 mGy (thoracic soft tissue)
10.6 mGy (lumb. soft tissue)

CTDI Phantom
0.6 cc Farmer chamber

14

Surgery
Effective

Dose

0.5 ÷ 5.9 mSv (1y)
0.5 ÷ 6.3 mSv (5y) 

0.4 ÷ 8.3 mSv (12y)

Spine surgery(O-arm)
Pediatrics

PCXMC
Standard and low dose protocols

19 

0.02 ÷ 0.8 mSv
Head and neck surgery

PMMA cylindrical head phantoms 
0.6 cc Farmer chamber

20

0.35 ÷ 17.1 mSv
Urology

Anthropomorphic phantom
TLD

21

7 ÷ 9 mSv
Pediatric Spine surgery

DLP and conversion factors
23,

24,25
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Surgery

Effective
Dose

0.2 ÷ 1.1 mSv (Thoracic)
0.1 ÷ 8.6 mSv (Lumbar) 
0.3 ÷ 20 mSv (Whole)

Spine surgery (O-arm)
Adolescent

PCXMC
26

3.24 ± 0.04 mSv (small)
6.48 ± 0.08 mSv (medium)

9.72 ± 0.12 mSv (large)

Spine surgery (O-arm)
TLD

27

0.064 mSv (Low Dose)
0.15 mSv (High Quality)

Extremities surgery
Dedicated cone-beam CT system

15 cm PMMA phantom
0.6 cc farmer chamber

28

0.06 mSv
Extremities surgery

PMMA Phantom
TLD

30

CTDIW

1.2 ÷ 16.6 mGy (1y)
1.5 ÷ 14.4 mGy(5y) 

1.6 ÷ 14.5 mGy (12y)

Spine surgery (O-arm) Pediatrics
PMMA cylindrical phantoms (1y, 5y, 12y)

Pencil chamber
Standard and low dose protocols

19

0.025 ÷ 0.11 mGy/mAs
Head and neck surgery

PMMA cylindrical head phantoms 
0.6 cc Farmer chamber

20

1.7 ÷ 2.2 mGy
Extremities

CTDI provided by the unit
29

DLP 446.62 Gy·cm Orthopedy (O-arm) 23 patients 22

Organ dose
0.01 ÷ 33.6 mGy (Thoracic)
0.03 ÷ 7.9 mGy (Lumbar) 

Spine surgery (O-arm)
Adolescent PCXMC

26
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Intraoral, panoramic and cephalometric radiographs are the basic imaging techniques in dentomaxillofacial radiology 
(DMFR), allowing two-dimensional (2D) imaging of oral hard tissue. 2D radiographic images have been used in dentistry 
for decades. However, the maxillofacial region includes fairly complex 3D anatomy where traditional dental modalities 
may fail to provide optimal visualisation of adjacent overlaying structures, which might overlap in any single projection. 
Technological advances have led to the introduction of new cone beam CT (CBCT) in dentomaxillofacial radiology (DMFR). 
Dental CBCT technology first emerged in 1995. Dental CBCT utilises a cone- or pyramid-shaped X-ray beam covering the 
intended maxillofacial field-of-view (FOV). Most of the modern CBCT scanners use flat panel detectors (FPD).

A literature review focusing on dosimetry in dental CBCT imaging was undertaken. A total of 85 relevant papers were 
identified, including some relevant paper reviews.

Experimental studies used phantoms of various types in conjunction with TLDs, small volume chambers, radiochromic 
film, MOSFET or OSL detectors. Adult phantoms were predominantly used, although a very small number of studies used 
child/paediatric phantoms. There is no commercially available adolescent phantom on the market at present. While or-
gan doses and/or effective doses were detailed for numerous phantom studies, only one patient study was identified in 
the literature. Monte Carlo approaches were also adopted to estimate Effective Dose.

5.4.3 | Dental Cone Beam CT (CBCT)
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Default exposure protocols were routinely applied, although some authors digressed from these programs and adjusted 
the exposure parameters. The various permutations resulted in multiple protocols being available to users, with one 
author citing 72 protocols available on one system [9]. Adult protocols were primarily selected but a small number of 
papers covered adolescent and/or paediatric/child imaging protocols. In general, when clinical protocols were citied, 
there was a lack of detail given, with respect to the important exposure parameters affecting patient dose as X-ray tube 
voltage, tube current, angle of rotation and Field of View (FOV). In particular, classification to small, medium and large 
FOV was used in numerous studies, but there is a large discrepancy among them in terms of classification criteria.

A large range in Effective Dose measurements was noted, with one author quoting a 20-fold difference between CBCT 
devices [1]. It was also noted reviewing the publications, an existing significant variation in conversion factors to estimate 
of Effective Dose be calculated from Entrance Surface Dose, DHP or KAP. Limited information was available in relation 
to the establishment of Diagnostic Reference Levels (DRLs). Finland has established DRLs for a number of adult exami-
nations [28] while the UK has published an “achievable dose”, quoted as a KAP of 250 mGy·cm2 for the upper 1st molar 
implant for an adult patient [2].

Additional low-dose and high image quality definition protocols, available on some systems have contributed to the wide 
dose range currently being achieved. A 15-fold difference in dose was observed for the same FOV between low dose and 
high-resolution protocols [3].

A significant variation in conversion factors to allow an estimate of Effective Dose be calculated from Entrance Surface Dose, 
DHP or KAP was also noted in the publications. One author recorded a 7.5-fold range of Effective Dose/KAP values for var-
ying adult exposures between various systems and a 3.8-fold range for large to small FOVs using a single CBCT system [3].
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Some relevant results are summarized in table A7.3. Following the guidelines of the European Commission on cone 
beam CT for dental and maxillofacial Radiology [4], studies were divided into “dentoalveolar” (small) and “craniofacial” 
(large FOV). A medium FOV category was added for studies of temporomandibular joint (medium FOV). The height of 
the dentoalveolar FOVs is smaller than 5cm, the medium FOV is between 5 and 10 cm, allowing imaging of the lower 
and upper jaws. For the craniofacial FOVs, the height is greater than 10cm allowing maxillofacial imaging. Additionally, 
paediatric studies have been added when available.

An extensive review has been published by Kiljunen T et al. [5]. This review summarizes the characteristics of commercial 
dental CBCT systems, including the dose delivered (in terms of KAP or CTDI).

Overall, the literature on dosimetry in dental CBCT imaging is difficult to interpret at times and also challenging to compare. 
This is due to variations in phantom design and composition, test methodologies and dose metrics used. The limited technical 
information provided by some authors also contributed to the difficulties in comparing data. The variability in protocol param-
eters and in particular, the difference in FOV definitions also influenced the scale of the disparity in dosimetry measurements.

It is clear from the literature that specific protocols are required to be developed that will address an imaging goal. It is 
also evident that the most appropriate dose metric for dental CBCT imaging has yet to be agreed upon. However, the In-
ternational Electro technical Commission stated that Dental extra-oral "Equipment shall be provided with an indication of 
the dose area product (DAP)” [A9] and also the RP 172 [A10] stated that manufacturers of dental CBCT equipment should 
provide a read-out of Kerma-Area Product (KAP) after each exposure. So KAP is already a common quantity displayed 
by the most of present dental equipment and it is expected to have this indication provided by all the new equipment.

Doses often vary in very wide ranges. Very low values of few µGy are usually associated to organ exposed only to scatter 
radiation (such as lens or thyroid) and relative high values of thousands of µGy are associated to organ entirely included 
in the primary beam, such as oral mucosa or salivary glands.
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Table A7.3. Summary of the range of doses, represented as (minimum dose ÷ maximum dose) or (value ± uncer-
tainty) for different field of view sizes (dentoalveolar, temporo-mandibular joint, craniofacial and paediatric) dose 

indicators and methodologies retrieved from the reviewed papers for dental applications.

Field of view Dose indicator Range Methodology Ref.

Dentoalveolar
Effective Dose

9.7 ÷ 197 μSv Review 6

10 ÷ 21 μSv
Rando head
Radiochromic films

7

81.46 ± 0.13 μSv
KAP meter
Coefficients (E/KAP)

8

37 ÷ 107 μSv
Anthropomorphic head
OSL

9

32 ÷ 60 μSv
Anthropomorphic head
TLD

10

20.2 ÷ 30.24 μSv
Anthropomorphic phantom
TLD

11

19 ÷ 44 μSv
Anthropomorphic head
TLD

1

27 ÷ 101 μSv
Anthropomorphic head
TLD

12

32.8 ÷ 114.8 μSv
Anthropomorphic head
TLD

13

9.3-51.2 µSv
Anthropomorphic head
TLD

14

Organ Dose 1 ÷ 1890 μGy
Anthropomorphic head
Radiochromic films

7
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Dentoalveolar

Organ Dose
25.2 ÷ 3395 μGy

Anthropomorphic phantom
Radiochromic films

11

14 ÷ 2011 μGy
Anthropomorphic head
TLD

12

KAP

101.1 ÷ 457.9 mGy·cm2 KAP meter 15
637.4 ± 0.97 mGy·cm2 KAP meter 6

429 ÷ 644 mGy·cm2

Head phantom
TLD
KAP meter

16

850 ± 57 mGy·cm2 KAP meter 29

D1, D2
0.468 ÷ 1.891 mGy
0.673 ÷ 2.837 mGy

Technical Phantom
Ionisation chamber

15

DFOV 23.1 ± 1.4 mGy Solid-state probe
29Incident

air kerma
2.85 ± 0.17 mGy

(pending further validation)
PAKT method
Solid-state probe

Temporo-man-
dibular joint

Effective
Dose

3.9 ÷ 6.74 μSv Review 6

56 ÷ 129 μSv
Anthropomorphic head
Radiochromic films

7

154.5 ÷ 273.7 μSv
KAP meter
Coefficients (E/KAP)

8

36 ÷ 100 μSv
Anthropomorphic head
OSL

9
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Temporo-man-
dibular joint

Effective
Dose

83.09 ÷ 332.4 μSv
Anthropomorphic head

TLD
17

58 ÷ 113 μSv
Anthropomorphic head

TLD
10

39.92 ÷ 43.27 μSv
Anthropomorphic phantom

TLD
11

92 μSv
Anthropomorphic head

TLD
18

18 ÷ 28 μSv
Computational phantoms

MC code
19

28 ÷ 265 μSv
Anthropomorphic head

TLD
1

62 ÷ 211 μSv
Anthropomorphic head

TLD
12

61.6 ÷ 183.7 μSv
Anthropomorphic head

TLD
13

17.6-52.0 µSv
Anthropomorphic head

TLD
14

Organ
Dose

20 ÷ 5700 μGy
Anthropomorphic head

Radiochromic films
7

18 ÷ 10747 μGy
Anthropomorphic head

TLD
17

53.6 ÷ 10328.4 μGy
Anthropomorphic phantom

Radiochromic films
11
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Organ
Dose

15 ÷ 2195 μGy
Anthropomorphic head

TLD
18

26 ÷ 4203 μGy
Anthropomorphic head

TLD
12

KAP

1085 ÷ 2140 mGy·cm2 KAP meter 8

126.7 ÷ 1476.9 mGy·cm2
Blue-tinted film

OSL
20

956 ÷ 1910 mGy·cm2

Anthropomorphic head 
TLD

KAP meter
16

117 ÷ 214 mGy·cm2 KAP meter 19

Absorbed Dose 1.10 ÷ 1.43 mGy
PMMA

Ion chamber
21

Craniofacial
Effective 

Dose

8.8 ÷ 1073 μSv Review 6

153.9 ÷ 428.3 μSv
KAP meter

Coefficients (E/KAP)
8

48 ÷ 102 μSv
Anthropomorphic head

OSL
9

98.7 μSv
Anthropomorphic head

TLD
22

63 μSv
Anthropomorphic head

TLD
23

77 μSv
Anthropomorphic head

TLD
10
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Craniofacial

Effective
Dose

60 ÷ 932 μSv 
(left parotid gland)

148 ÷ 932 μSv 
(submandibular gland)

Anthropomorphic head
OSL

24

16 ÷ 66 μSv
Computational phantoms

MC code
19

68 ÷ 368 μSv
Anthropomorphic head

TLD
1

169 ÷ 303 μSv
Anthropomorphic head

TLD
12

107 ÷ 117 μSv
Anthropomorphic head
Radiochromic film, TLD

25

44.5 ÷ 169.7 μSv
Anthropomorphic head

TLD
13

43.1 ÷ 111.5 μSv
Anthropomorphic head

TLD
14

Organ
Dose

14.1 ÷ 3368.2 μGy
Anthropomorphic head

TLD
22

2.6 ÷ 1066.3 μGy
Anthropomorphic head

TLD
23

72 ÷ 6861 μGy
Anthropomorphic head

TLD
12

56 ÷ 2705 μGy
Anthropomorphic head

Radiochromic, TLD
25
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Craniofacial

Organ
Dose

117 ÷ 935 μGy
(skin at thyroid)
36.7 ± 21.0 mGy

(skin at female breast)
12.1 ± 7.6 mGy
(skin at back)
0.8 ± 1.0 mGy

(skin at gonads)

Anthropomorphic body
solid-state chamber

28

KAP

1081 ÷ 3349 mGy·cm2 KAP meter 8
3023 mGy·cm2 KAP meter 11

2485 ÷ 4499 mGy·cm2

Anthropomorphic head phantom
TLD

KAP meter
16

98 ÷ 556 mGy·cm2 KAP meter 19

Absorbed Dose 1.33 ÷ 1.58 mGy
PMMA

Ion chamber
21

Paediatric
Effective

Dose

11 ÷ 1160 μSv Review 27
50.77 ± 0.18 μSv

(small FOV)
141.9 ÷ 171.0 μSv

(medium FOV)
133.4 ÷ 255.9 μSv

(large FOV)

KAP meter
Coefficients (E/KAP)

8
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KAP

237 ÷ 282 μSv
(10 y small FOV)

214 μSv
(10 y medium FOV)
28 μSv adolescent

(10 y large FOV)
188 ÷ 216 μSv

(adolescent small FOV)
70 μSv

(adolescent medium FOV)
32 μSv

(adolescent large FOV)

Anthropomorphic phantom
TLD 26

395.8 ± 1.4 mGy·cm2 
(small FOV)

996.7 ÷ 1337 mGy·cm2 
(medium FOV)

1006 ÷ 2001 mGy·cm2 
(large FOV)

KAP meter 8

Absorbed
Dose

1.83 ÷ 2.00 mGy
(child medium FOV)

2.00 ÷ 2.20 mGy
(child large FOV)
1.53 ÷ 1.70 mGy

(adolescent medium FOV)
1.69 ÷ 1.99 mGy

(adolescent large FOV)

PMMA
Ion chamber

21
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