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Objectives:

To undertake a systematic review on quality assurance (QA) phantoms for

CBCT imaging, including studies on the development and application of phantoms.

Methods:

The MEDLINE (PubMed) bibliographic database was searched until May 2016

for studies evaluating the development and use of phantoms in CBCT image QA. The search
strategy was restricted to English language publications using the following combined terms:
(Cone Beam CT) OR (Cone Beam Computed Tomography) OR (Cone-Beam Computed
Tomography) OR (CBCT) AND (quality OR phantom). It was assessed which of the six
image quality parameters stated by the European Commission could be evaluated with each
phantom and which of them actually were.

Results: The search strategy yielded 37 studies, which had developed and used (25 studies) or
only used (12 studies) a phantom in CBCT image QA. According to the literature, in 7
phantoms, it is possible to evaluate 4 or more image quality parameters while in 11 phantoms,
merely 1 parameter can be evaluated. Only two phantoms permit the evaluation of the six
image quality parameters stated by the European Commission. The parameters, which can
most often be evaluated using a phantom, are image density values, spatial resolution and
geometric accuracy. The SEDENTEXCT phantom was used most frequently. In two studies,
all quality parameters suggested by the European Commission were evaluated.

Conclusions: QA phantoms rarely allow all image quality parameters stated by the
European Commission to be evaluated. Furthermore, alternative phantoms, which allow
all image quality parameters to be evaluated in a single exposure, even for a small field of
view, should be developed.
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Introduction

CBCT is a potentially low-dose CT technique for the
visualization of mineralized tissues in the head and
neck region."* Owing to the relative novelty of
this diagnostic method, there is an ongoing effort to
define quality assurance (QA) processes for CBCT.>*®
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Although the European guidelines on radiation pro-
tection in dental radiology’ include strategies for image
QA, they do not cover CBCT imaging. To overcome
this deficiency, the Safety and Efficacy of a New
Emerging Dental X-Ray (SEDENTEXCT) project in
2008 pursued to define a QA process for CBCT imag-
ing. The preliminary results were presented in 2009, and
the final outcome was adopted and described by the
European Commission in 2012.° The American
Academy of Oral and Maxillofacial Radiology® also
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made recommendations on the topic, stating that a QA
programme should include, among other things, a doc-
umentation of the evaluated image quality parameters.

An adequate phantom is an essential part of an image
QA programme. A phantom is a device containing
materials that are able to mimic the density of the tis-
sues in the human body.® In 2012, the European
Commission suggested that the Catphan phantoms,
which are commonly used for QA in multidetector to-
mography (fan beam CT), could be used for CBCT as
well.” But, owing to the rather large size of the Catphan
phantom and to the limited field of view (FOV)
available in the CBCT units, this solution is not ideal.
The SEDENTEXCT group was the first to suggest
guidelines for the use of a CBCT-specific phantom,
describing its development and application.’

QA should not be based solely on subjective image
evaluation.'® The European Commission has stated six
parameters to be included in the QA programme (in the
order given in the guidelines): image density values, im-
age uniformity and the presence of artefacts, noise, spa-
tial resolution, contrast detail and geometric accuracy.
Action should be taken when there is a variation, when
comparing a test and a reference image, >10%.> If the
variation exceeds 25%, the British Health Protection
Agency'' advocates that the use of the unit should be
suspended. As a matter of fact, no studies have reported
on the clinical relevance of such pre-established values.'?

No systematic information regarding the QA stand-
ards specifically developed for CBCT exists in the lit-
erature. The objective of the present study was to
undertake a systematic review on QA phantoms for
CBCT imaging, including studies on the development
and application of phantoms.

Methods and materials

Literature search and systematic review
Electronic literature search included the MEDLINE
(Medical Literature Analysis and Retrieval System
Online via PubMed) bibliographic database (searched
from 2000 to July 2016) for studies evaluating the de-
velopment and use of phantoms in CBCT image QA.
The search strategy was restricted to English language
publications using the following combined terms: (Cone
Beam CT OR Cone Beam Computed Tomography OR
Cone-Beam Computed Tomography OR CBCT) AND
(quality OR phantom). Systematic reviews, reviews,
conference abstracts, case reports and articles merely on
dosimetry were excluded. Studies which assessed the
development and use or only the use of phantoms in
CBCT QA programmes qualified for inclusion.
Unpublished data were sought by searching a data-
base listing unpublished studies (OpenGray—www.
opengrey.ecu). Electronic databases of the following
journals were also searched: Dentomaxillofacial Radi-
ology, Oral Surgery, Oral Medicine, Oral Pathology and
Oral Radiology and Medical Physics. A manual search
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was additionally conducted based on the reference lists
of the selected articles and other previous reviews.
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement was followed during
data assessment and extraction.'” Data extraction in-
cluded information regarding the (1) physical character-
istics of the phantom(s); (2) image quality parameters,
which could potentially be evaluated by each phantom; (3)
parameters for image acquisition (FOV and voxel size);
and (4) image quality parameters, which were actually
evaluated using each phantom. All studies were screened
by two authors (MVLO and RSN), and data extraction
was performed individually. In cases of disagreement re-
garding study inclusion or data extraction, a consensus
between the authors was reached during discussion.

Results

A total of 2079 titles, which fit the designated search
strategy, were found in MEDLINE (PubMed). The
initial screening, based solely on the publication titles,
yielded 199 studies, which potentially met the inclusion
criteria. Studies using CBCT outside the dentomax-
illofacial diagnostic context (e.g. guidance for radio-
therapy) and/or the imaging of anatomical structures
other than those of the dentomaxillofacial region were
excluded. The second screening (based on abstract
reading) revealed 87 studies, which were potentially el-
igible and therefore selected for full-text reading. After
full-text reading, 50 studies were excluded. The main
reasons for exclusion were the fact that they did not use
a standardized phantom, and/or image quality was
based solely on subjective assessment (ie. did not
quantify any of the image quality parameters). Further,
there were 10 studies evaluating only the overall in-
fluence of artefacts on image quality, and they were also
excluded. Eventually, 37 studies were identified as eli-
gible to be included in this systematic review. The
PRISMA 2009'* flow diagram shows the sequence for
achieving these studies in Figure 1.

Initially, only the studies presenting the development
of new phantoms to be used in CBCT image QA pro-
grammes, as well as the phantom characteristics (i.e.
design, material and content), were considered. There
were 25 studies, which fit these criteria, describing the
development of 25 different phantoms. According to the
guidelines,” an ideal phantom should allow the evalua-
tion of six image quality parameters: (1) image density
values, (2) image uniformity and the presence of arte-
facts, (3) noise, (4) spatial resolution, (5) contrast detail
and (6) geometric accuracy.” However, some of the
phantoms have separate features for image uniformity
and the presence of artefacts. Therefore, seven instead
of six image quality parameters were quoted in Tables 1
and 2, to fit the characteristics of the included phantoms
in a didactic manner. In Table 1, the characteristics and
the image quality parameters, which can be evaluated,
are described for the 25 phantoms.'%!*7
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Figure 1 Workflow for achieving of studies.

The phantoms were mainly built of polymethyl
methacrylate, solid or shallow and filled with water.
The only exception was one phantom containing an
object for evaluation of the accuracy for linear meas-
urements, in which the used materials were not stated.®
In phantoms dedicated to image density measurements,
various polymers, such as polyvinylchloride, polytetra-
fluoroethylene, polypropylene, polyoxymethylene (acetal),
polyethylene, low-density polyethylene and nylon, were
used. Some phantoms also presented metal parts, mainly
used for artefact or geometric accuracy evaluation.

According to the studies of the 25 phantoms, 7
phantoms possess features for evaluating 4 or more
image quality parameters,'®?*307323437 while 11 phan-
toms can be used to test merely 1 parameter. Only two
phantoms permit the evaluation of the six image quality
parameters as stated by the European Commission.'%*
Nevertheless, one of the described phantoms does not
allow the evaluation of the parameter image uniformity

and the presence of artefacts in a complete manner,
since it focuses only on image uniformity.'® The
parameters which can most often be evaluated using a
phantom are image density values (15 phantoms), spatial
resolution (12 phantoms) and geometric accuracy
(11 phantoms). The presence of artefacts can be evalu-
ated by three phantoms.'®**** Three phantoms included
additional 0parameters, such as Nyquist frequency
assessment'**! and accuracy of FOV size.!” The evalu-
ation of spatial resolution was solved in diverse manners.
In two of the phantoms,' > this parameter is evaluated
from a pattern bar while in nine phantoms, it is evaluated
using the modulation transfer function from wires or
spheres with a high atomic number,'*-14:20-21.23.31.32.34.37
In one of the phantoms,” both methods can be used.
In a second step, the actual use of the phantoms in
a QA programme was assessed. There were 37 studies,
in which a phantom was used for CBCT image QA: the
25 studies, which also presented the development of the
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phantoms, and 12 studies, which used phantoms pre-
viously described in the literature. These studies are
presented in Table 2. Image quality was evaluated in
45 CBCT units in total (range in 1 study: 1-13 units).
The SEDENTEXCT phantom was the most frequently
used one (nine studies). In only two of the included
studies, all parameters suggested by the European
Commission were evaluated.'®*® However, in one
of these studies, focus was only on image umforrmty
and the presence of artefacts was not mentioned.'®
The parameters most frequently evaluated were contrast
detail (in 19 studies), spatial resolution (in 18 studies) and
image density (in 17 studies).

Discussion

QA programmes promote the effective use of radiation
for diagnostic purposes throu%h achieving and maintain-
ing appropriate image quality.” Within QA, an evaluation
of image quality (also classified as “constancy” test by the
International Electrotechnical Commission) is intended to
test the components of a glven radiological system and to
verify that the equipment is operating satisfactorily.*®
CBCT image quality evaluation must be carried out
regularly. Guidelines suggest that the evaluation must be
performed at a yearly and/or monthly interval.>'" The
evaluation is frequently performed by the manufacturer
or regulatory authorities and allows for detection of
deterioration of accuracy and differences in contrast
between tissue densities over time.*®

A QA programme should cover all aspects of the
imaging process, including objective measures of image
quality. Consequently, six specific parameters suggested
by the European Commission must be objectively
evaluated, ensuring that the equlpment is in accord with
prevailing standards.” Through image density evalua-
tion, it is possible to evaluate the system’s ability to
distinguish between different tissues and materials in
an image. The image uniformity assessment ensures
that there are no significant areas of damage in the
images (eg artefacts) nor problems with detector
calibration.™*® Possible i image artefacts, which are not
uniquely related to changes in image uniformity, must
also be evaluated.” Noise has significant relevance in
image quality and at high levels will compromise the
display of low-contrast objects. Therefore, when noise
level 1s low viewing of low-contrast lesions is im-
proved.* Spatial resolution is checked since it affects
the system’s ablllty to discriminate two adjacent hlgh-
contrast objects.”” This is an important parameter, since
the spatial resolution may determine the accuracy to
which anatomic details can be measured. Inadequate
spatial resolution may affect procedures such as
planning of dental implants or measuring endodontic
file length.”® Moreover, contrast detail allows the
evaluation of a system to display details of contrast
in various objects. It will provide important 1nformat10n
about possible deterioration of image quality over time.’
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In the present review, some of the included studies con-
sidered one of the six quality parameters, “image uni-
formity and the presence of artefacts”, as two separate
entities. This division was also used in our tables based
on the fact that there are some artefacts (e.g. motion and
aliasing artefacts) which are not necessarily or solely re-
lated to image uniformity. We therefore advocate that
future image quality tests should account for seven sep-
arate parameters.

In 18 of the 25 phantoms included in the present re-
view, it is possible to evaluate <4 of the 6 image quality
parameters stated by the European Commission. The
phantoms most often allowed the evaluation of image
density values, spa‘ual resolution and geometric accu-
racy. Pauwels et al>* were the first to suggest a phantom
which allows the evaluation of all suggested image
quality parameters, as part of the SENDENTEXCT
project. However, the first study describing this phan-
tom did not 1nclude all parameters, which could have
been evaluated.* Thls was first accomplished in a study
of Bamba et al,** which presented the final results and
complete application of the SEDENTEXCT phantom.
Considering the studies using phantoms as part of a
CBCT QA programme, the parameters most often
evaluated were spatial resolution, contrast detail and
image density. This is directly linked to basic image
quality characteristics described by four fundamental
parameters (spatial resolution, contrast, noise and
artefacts) in accordance with Pauwels et al.’! In addi-
tion, the geometric accuracy defines how accurately the
CBCT apparatus displays a distance between two
objects,'” reflecting true measures.

An important parameter is the presence of artefacts,
such as metal-induced artefacts. This has shown to be one
of the main causes of interferences with diagnostic quality
in CBCT, since artefacts will also affect other image
quality parameters, such as spatial resolution.’’*>*
Through regular image quality assessment using phan-
toms, it is possible to monitor the presence of metal
artefacts over time. However, in only three of the de-
scribed phantoms'®**3% it is possible to perform this
evaluation. In our opinion, future guidelines should be
clear on which type of image artefacts must be evaluated
(e.g. beam hardening, cupping, movement).

CBCT guldehnes regarding QA programmes are yet
sparse. In a review by Horner et al’> on guidelines for
clinical use of CBCT, the authors identified 11 guide-
lines supporting the proper use of CBCT, including
image quality evaluation. Most of them were, however,
supported only by expert opinions. Although two
guidelines™'' suggest methodologies and criteria for the
evaluation of CBCT image quality, a detailed step-
by-step guide, including characteristics of the CBCT
units (e.g. FOV size, resolution etc.), would be a major
improvement. In the present review, only 10 studies had
presented results of QA performed in 3 CBCT units or
more. This is a relevant issue, since it is evident that
findings from one unit cannot be extrapolated to all
units in the market.
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The Journal of the American Dental Association®
declares that the staff working with the CBCT unit (i.e.
medical physicists, radiology technicians, dentists and
medical doctors) should establish a QA programme
based on the manufacturer recommendations. However,
in many cases, few image quality parameters would
be evaluated following only the recommendations of
the manufacturer. The manufacturer typically controls
image quality during the initial installation of the unit,
but the final user must also pay attention to performing
regular QA evaluations.”®

It would be ideal to adapt QA programmes to fit the
diverse FOV sizes and resolutions of the CBCT units
available in the market. However, these issues were not
properly considered, as it can be seen from this review.
Most studies included in the present review conducted
tests in CBCT units with a small FOV (24 studies), while
only 13 studies were performed using a large FOV also.”’
But, when a small FOV was used, several exposures
were performed to evaluate all image quality param-
eters. In fact, the two phantoms, which permit the
evaluation of all six quality }%arameters as stated
by the European Commission,'**® are quite large;
this means that, to proceed with the evaluation of all
parameters, multiple exposures are needed.
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