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170 dental CBCT system
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Objectives:

This study evaluated the effect of phantom positioning and the configuration

of phantom inserts on the measurement of contrast-to-noise ratio (CNR) in dental CBCT.
The work aimed to make pragmatic suggestions for the remedial tolerances for CNR
measurements in the routine quality control (QC) of a three-dimensional Accuitomo 170
dental CBCT system (J Morita, Kyoto, Japan).

Methods: Images of the SEDENTEXCT (safety and efficacy of a new and emerging dental
X-ray modality) I1Q (image quality) dental CBCT phantom (Leeds Test Objects Ltd,
Boroughbridge, UK) were acquired and measurements of CNR were obtained in three
configurations of inserts and in six phantom orientations for one of the configurations. Five
consecutive images were acquired in each case, to assess the reproducibility of measurements.
Results: Reproducibility of measurements ranged from 1.8% to 4.6%. For the CNR
measurements in the three phantom configurations, the ratio of the measured CNR to the
minimum value was 2.1 +0.2 times the minimum value for Delrin® (DuPont UK Ltd,
Stevenage, UK). For aluminium, there was no significant variation between configurations
and for the other three materials, the ratio ranged from 20% to 50%. Significant variations in CNR
with phantom position were observed, with differences between the maximum and minimum
values ranging from 10% to 60%. Absolute differences in CNR from the minimum value ranged
from <0.1 to 2.1 with phantom configuration and from 1.2 to 4.5 with phantom position.
Conclusions: The effects of phantom configuration and positioning on CNR measurements
for dental CBCT QC were investigated and possible remedial tolerances suggested.
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Introduction

CBCT is an imaging modality which is gaining promi-
nence in dental and maxillofacial applications. CBCT is
capable of providing a three-dimensional (3D) repre-
sentation of the maxillofacial region with high isotropic
spatial resolution, high geometric accuracy and effective
doses significantly lower than those associated with
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multislice CT." It therefore offers great potential for
improving accuracy in dental and maxillofacial appli-
cations, in both diagnosis and implant planning.

The Health Protection Agency (HPA), now Public
Health England, have provided quality assurance rec-
ommendations for dental CBCT,” setting out the rec-
ommended tests and action levels. The recommended
suspension levels have been adopted in the European
Commission’s (EC’s) criteria for acceptability of medical
radiological equipment,® which provides a compendium
of criteria that medical radiological equipment should
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Figure 1 SEDENTEXCT (safety and efficacy of a new and emerging
dental X-ray modality) IQ (image quality) phantom housing and inserts.

be able to pass. A quality control (QC) programme for
dental CBCT equipment is also described in EC report 172.*

Contrast-to-noise ratio (CNR) is a quantitative
image quality parameter which has been extensively
evaluated in the literature.” ’ Although recognized as
an important parameter in the evaluation of dental
CBCT image quality, it is not listed in the HPA or
EC guidance as a recommended test; however, action
levels for mean pixel values (MPVs) in different materials

Table 1 Description of the design of inserts used to assess image
quality parameters

Image quality parameter Insert design
Mean pixel value

Pixel value insert comprising five discs,

25 mm in diameter and 3-mm thick, of
aluminium, PTFE, Delrin®, LDPE and air,
stacked vertically and encased in PMMA
Five inserts of aluminium, PTFE, delrin,
LDPE and air. Each comprise five rods of
the relevant material, 17 mm in length, of
increasing diameter from 1 to 5 mm,
positioned at regular intervals at a distance
of 8.5 mm from the centre, encased

in PMMA

Phantom section filled with PMMA inserts
Three equally spaced titanium rods of
5.2-mm diameter and 17-mm length

Contrast-to-noise ratio

Noise and uniformity
Titanium artefacts

LDPE, low-density polyethylene; PMMA, polymethylmethacrylate;
PTFE, polytetrafluoroethylene.
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Table 2 Insert positions within the SEDENTEXCT (safety and
efficacy of a new and emerging dental X-ray modality) IQ (image
quality) dental CBCT phantom

Insert Phantom level

Noise and uniformity (blank PMMA inserts)

5
Pixel value 4
Contrast-to-noise ratio (all materials) 4
3
3
1

Spatial resolution xy
Point spread function
Titanium artefacts

PMMA, polymethylmethacrylate.

and for image noise are specified, from which corre-
sponding action levels for CNR can be inferred.

CBCT differs from multislice CT in the major respect
that scattered radiation in the entire imaging volume
must be accounted for in the reconstruction. This results
in effects such as the modification of pixel values, which
becomes more gronounced as the scatter to primary
ratio increases,” and pixel value gradients where the
distribution of material outside the imaged field is
asymmetric, referred to by Bryant et al as the exo-
mass effect.” The distribution of scattered radiation is
heterogeneous, meaning that pixel values are highly
sensitive to position. As a consequence of the above
effects, the same material is expected to exhibit
a different CNR, depending on factors such as the
field of view (FOV) and position in the imaging
volume. In view of this dependence, it is still to be
determined whether the HPA- and EC-specified ac-
tion levels are appropriate (indicative of real changes,
when the stability of the measurement itself is
accounted for).

The aim of this study was to evaluate the effect of
phantom positioning and the configuration of phantom
inserts on CNR for a specific dental CBCT system, with
a view to making pragmatic suggestions for remedial
tolerances for CNR measurement in the routine QC of
this system.

Methods and materials

The study was performed using the 3D Accuitomo 170
CBCT unit (J Morita, Kyoto, Japan). The phantom
used for the study was the SEDENTEXCT (safety and

Table 3 Arrangement of inserts in Row 4 of the phantom, for the
three configurations

Position Blank Complete 1 Complete 2
A CNRyy CNRerrin CNR;,

B PMMA CNR,;; CNR gelrin

C PMMA CNRPT]:E CNRLDPE

D PMMA MPV MPV

E PMMA CNR| ppg CNRprrg

F PMMA CNl{aluminium CNRaluminium

CNR, contrast-to-noise ratio; LDPE, low-density polyethylene;
MPV, mean pixel value; PMMA, polymethylmethacrylate; PTFE,
polytetrafluoroethylene.
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scope of the SEDENTEXCT Project.'! It comprises
a cylindrical polymethylmethacrylate (PMMA) housing,
160 mm in diameter and 162 mm in height, with seven
cylindrical holes positioned at the centre and vertices of
A ) a regular hexagon, as shown in Figure 1. Each column is
divided into six rows, numbered 1-6 from bottom to top,
in which inserts are stacked vertically. The holes are filled
F B with image quality inserts interspersed with blank
PMMA inserts; the inserts used in this investigation are
described in Table 1. The positions of the inserts are
interchangeable with respect to one another, with no
constraints; two “titanium artefact” inserts are also in-
corporated, intended to simulate high-density metallic
E C objects in the mouth.
Leeds Test Objects provide instructions on how the
inserts should be distributed within the phantom hous-

Anterior

D ing (personal communication); the recommended con-
figuration is described in Table 2. In this configuration,
each image quality insert is placed in a peripheral hole,

: to confer clinical relevance by simulating the composi-
Posterior tion of the head.
Figure 2 Lettering of insert positions around the phantom periphery. In this study, images were acquired in one of three

arrangements; the first with a single image quality
efficacy of a new and emerging dental X-ray modality)  insert positioned at the periphery and the remainder
1Q (image quality) dental CBCT phantom, designed by of the phantom filled with PMMA inserts and the
Leeds Test Objects Ltd (Boroughbridge, UK)'® within the  second and third with all contrast-to-noise inserts and
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Figure 4 Difference between the contrast-to-noise ratio (CNR) in a specific configuration and the minimum average CNR. The error bars
represent twice the standard error on the mean. LDPE, low-density polyethylene; PTFE, polytetrafluoroethylene.

the pixel intensity insert positioned in two different con-
figurations around the periphery. Peripheral positions are
lettered from Position A at the anterior, moving in
clockwise direction as viewed from the top of the
phantom, through to Position F; this is illustrated in
Figure 2. The three arrangements are termed “Blank”,
“Complete 1” and “Complete 27, respectively, and are
summarized in Table 3. Five further images were ac-
quired with the phantom in the Complete 1 configu-
ration, but rotated so that each CNR insert in turn
was positioned at the phantom anterior.

Prior to image acquisition, the phantom was mounted
on a metal plate, secured on top of a tripod. The phantom
was aligned with the isocentre using axial and sagittal
lasers. Images were acquired at 90 kV, 3mA, 17.5-s ex-
posure time and FOV 14 X 10 cm (diameter X height).

The CNR was evaluated using the Imagel software
(National Institutes of Health, Bethesda, MD). A cir-
cular region of interest (ROI) was delineated in the
largest detail of the CNR insert and a second ROI in the
PMMA background. MPV and standard deviations
were obtained for each ROI, for 10 transaxial slices,
with automated positioning of the ROIs to be at the
same position in each slice. The CNR was calculated in
accordance with Equation (1) below and was averaged
over the 10 slices.

Dentomaxillofac Radiol, 45, 20150430
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MPV,, — MPV,,

CNR= (1)

E (0’ m2 + o bZ)

where MPV,, and MPV,, are the mean pixel values in
the material and background, respectively, and o, and
oy, are the corresponding standard deviations.

CNRs were calculated for each material, for each of
the images acquired. In order to assess the repeatability
of measurements, measurements were obtained on five
consecutive images acquired under the same irradiation
conditions, without moving the phantom.

Results

The repeatability of CNR measurements was 1.8% for
air, 2.5% for aluminium, 3.4% for polytetrafluoro-
ethylene (PTFE) and 4.6% for low-density polyethylene
(LDPE). In Figures 3-6, the error bars represent twice
the standard error on the mean (95% confidence in-
terval). Figure 3 shows, for each material, the ratio
between the average CNR in the specified configuration
and the CNR in the configuration which gives the
minimum average value. It can be seen that the effect of
configuration is variable, with the CNR for Delrin®


http://birpublications.org/dmfr

25

L5

R

T

-

R R

A

.
|
-
L
L
|
|

Ratio of CNR to minimum average CNR

il
|
|

7

.

7
A

0.5

2LMMINIDI000

0 }
Air LDPE

Delrin

Contrast-to-noise ratio in quality control of a 3D Accuitomo 170 dental CBCT system
Taylor

50f 7

OPosition A
Position B
OPosition C
B Position D
B@Position E

Position F

L

N
N
.
.
|

PTFE Aluminium

Figure 5 Ratio of the contrast-to-noise ratio (CNR) and the minimum average CNR for each insert at each position (Complete 1 setup). The
error bars represent twice the standard error on the mean. LDPE, low-density polyethylene; PTFE, polytetrafluoroethylene.

(DuPont UK Ltd, Stevenage, UK) in the Blank con-
figuration being 2.1 £ 0.2 times the minimum value (in
the Complete 1 configuration), while for aluminium,
there is no significant difference in the measured CNRs
between the three setups. The corresponding ratio for
LDPE is 1.5%0.1, 1.3x0.1 for air and 1.2x0.1
for PTFE.

Figure 4 shows the same data, but presented in terms
of the CNR in one configuration minus the minimum
average CNR for each material. The absolute difference
in CNR ranges from 0.06 + 0.94 for aluminium to 2.1 £
0.5 for air.

Figure 5 shows, for each material, the ratio between
the average CNR at each position and the CNR at the
position which gives the minimum average value.
Again, a wide variation in the measured CNR with
position is observed in some materials, with a ratio of
maximum-to-minimum CNR for Delrin of 1.6 £ 0.3
and 1.4£0.2 for LDPE. Variation was observed to
be smaller in the other three materials, with a ratio of
maximum-to-minimum CNR of 1.2+0.2 for alumin-
ium, 1.1 0.1 for PTFE and 1.1 £0.2 for air.

Figure 6 shows the difference between CNR and the
minimum measured CNR for each insert at each posi-
tion, with the phantom in the Complete 1 setup. The max-
imum differences range from 4.5+ 4.6 (for aluminium

at Position F) to 0.8 £0.3 (for Delrin at Position D).
The corresponding values for air, LDPE and PTFE are
1.5+ 1.8, 1.3+ 0.6 and 1.2 + 1.2, respectively.

Discussion

An obvious limitation of this study is that it has been
performed only on a single CBCT unit, under a single
set of exposure parameters. It is not necessarily gener-
alizable to other dental CBCT units or different sets of
irradiation conditions with the same unit. However, it
does serve to illustrate some of the caveats inherent in
measuring CNR in routine dental CBCT QC and pro-
vides a possible methodology for the setting of re-
medial levels.

Repeatability of measurements ranged from 1.8% to
4.6%, the most reproducible measurements being obtained
for those materials exhibiting the greatest attenuation
from their backgrounds. The data were presented in
terms of both the ratio and the difference between the
average CNR and the minimum average CNR. Anal-
ysis of ratio demonstrates the fact that materials in the
middle of the density range (Delrin and LDPE), where
the standard deviation is similar to or greater than the
difference between the MPV of the material and the

birpublications.org/dmfr
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Figure 6 Difference between the contrast-to-noise ratio (CNR) and the minimum average CNR for each insert at each position (Complete 1
setup). The error bars represent twice the standard error on the mean. LDPE, low-density polyethylene; PTFE, polytetrafluoroethylene.

background, exhibit greater variability in CNR In ad-
dition, analyzing the ratio facilitates a direct compari-
son with current remedial levels, which are expressed in
terms of percentage differences. Although this is the
typical way in which tolerances are set, it does not seem
appropriate in this instance, as the percentage difference
can be so large (up to 110% with configuration and up
to 60% with position). Taking the absolute difference
between the maximum and minimum average CNR
yields values which are of the same order of magnitude
regardless of the material and therefore lend themselves
more to the setting of remedial levels.

The minimum average CNR was chosen as a refer-
ence not because it had any significance in terms of

clinical image quality, but rather to demonstrate the
extent to which CNR values are influenced by adjacent
inserts and position in the FOV.

Considering the CNR measurements in the three
phantom configurations, the ratio of the average CNR
and the minimum average value was greatest for Delrin,
giving a maximum CNR of 2.1 £0.2 times the mini-
mum value. For aluminium, there was no significant
difference between configurations, while the ratio be-
tween the maximum and minimum values ranged from
1.2%0.1 to 1.5%0.1 for the other three materials. The
largest variations were found for materials in the middle
of the density range (Delrin and LDPE); this has been
noted previously by Pauwels et al® and is thought to be

Table 4 Suggested remedial levels for contrast-to-noise ratio (CNR) measurements in dental CBCT quality control

Maximum difference in CNR owing to  Maximum difference in CNR owing to  Sum of maximum

Suggested

Material configuration position differences remedial level
Air 2.1£0.5 14+2.1 35121 Baseline = 5
LDPE 1.1+£0.2 1.3+20.6 24%0.6 Baseline = 3
Delrin® 1.4£0.1 0.8+£0.3 22+0.3 Baseline + 3
PTFE 1.0£04 1.2+1.2 22+1.3 Baseline + 3
Aluminium 0.2* 1.0 45146 4.7+4.7 Baseline *+ 10

LDPE, low-density polyethylene; PTFE, polytetrafluoroethylene.
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owing to the fact that in this range, the greater pre-
dominance of noise yields more diverse pixel values.
The HPA and EC guidance give a remedial level of
the baseline value ££10% for measurements of both
MPV and noise. Combining the remedial levels in
accordance with Equation (1) and assuming a CNR
of 10 would give, as a rough approximation, a cor-
responding remedial level £14% for CNR. This means
that for all materials other than aluminium, the vari-
ation which arises as a result of different phantom
configurations greatly exceeds this approximate re-
medial level.

With the phantom in the Complete 1 configuration,
a considerable variation in CNR with position was
observed for some materials, with a ratio between the
maximum and minimum values of 1.6 £ 0.3 for Delrin,
1.4+ 0.2 for LDPE and 1.2+0.2 for aluminium. Air
and LDPE exhibited ratios of 1.1+0.2 and 1.1 0.1,
respectively. Again, this suggests that CNR measure-
ments for Delrin, LDPE and aluminium could be well
outside the remedial tolerances with no change in
equipment performance, by virtue of the orientation of
the phantom in the FOV; this is due to the fact that the
inhomogeneous scatter distribution means that MPVs
(and hence CNR) are highly sensitive to position. It
should be noted that the maximum and minimum
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