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Abstract

Objectives Our aim was to conduct a quantitative and quali-
tative evaluation of high-resolution skull-bone imaging for
dentistry and otolaryngology using different architectures of
recent X-ray computed tomography systems.

Material and methods Three multi-slice computed tomogra-
phy (MSCT) systems and one Cone-beam computed tomog-
raphy (CBCT) system were used in this study. All apparatuses
were tested with installed acquisition modes and proprietary
reconstruction software enabling high-resolution bone imag-
ing. Quantitative analyses were performed with small fields of
view with the preclinical vimCT phantom, which permits to
measure spatial resolution, geometrical accuracy, linearity and
homogeneity. Ten operators performed visual qualitative
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analyses on the vmCT phantom images, and on dry human

skull images.

Results Quantitative analysis showed no significant differ-

ences between protocols in terms of linearity and geometric

accuracy. All MSCT systems present a better homogeneity

than the CBCT. Both quantitative and visual analyses demon-

strate that CBCT acquisitions are not better than the collimated

helical MSCT mode.

Conclusion Our results demonstrate that current high-

resolution MSCT protocols could exceed the performance of

a previous generation CBCT system for spatial resolution and

image homogeneity.

Key Points

* Quantitative evaluation is a prerequisite for comparison of
imaging equipment.

* Bone imaging quality could be objectively assessed with a
phantom and dry skull.

* The current MSCT shows better image quality than a dental
CBCT system.

* CBCT remains a work-in-progress technology.

Keywords Cone-beam computed tomography - Multi-slice
computed tomography - Bone - Quantitative evaluation -
Radiological phantoms

Abbreviations
CBCT Cone-beam computed tomography
CT Computed tomography

FBP Filtered back projection

FOV  Field of view

FPD Flat panel detector

MSCT Multi-slice computed tomography
MTF  Modulation transfer function

ROI Regions of interest

SD Standard deviation
VOI Volumes of interest
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Introduction
o
The diagnosis of thin dento-maxillary and skull-base le- E| E
sions requires high-definition bone imaging. Nowadays, % % =5 §
X-ray computed tomography (CT) is the best available ® z = 2 E’ %d § §
technical issue for studying tiny bone structures [1].
Over the last decade, manufacturers designed polyvalent o o
multi-slice CT systems (MSCT) in order to reduce acqui- > » % g
sition time, especially for cardiology, vascular, whole g é OEO S ;3. Y
body and emergency imaging [2—4]. There are various Y < T X = 2 2 go ® %
technological approaches aimed at reducing acquisition = § g S
times; for instance, increasing the number of rows for o o @ ﬁg é = x
incremental acquisition or proposing dual-source imaging % "é é TEE E 5
for dual helical acquisitions. Today, however, higher spa- § § g % 2 § < %‘ - E lﬁﬁ - »
tial resolution imaging is no longer a priority relative to z |z 5 E222gn =8 g2 S 2=
the search for temporal resolution and radiation safety. . E
Nevertheless, clinical applications concerning dento- = v = B
maxillar and temporal bone regions [1] need higher reso- % 8 é’« C’% _ pt
lution, as for instance when searching for a fistula tract in 5¢ . fg g S g B
maxillar osteomyelitis, or superior canal dehiscence. More g8 Zz § £ X 3 g S
recently, a lower-cost specific architecture was designed Z | & % § © £, g S § 2 aow
for high-resolution skull-bone imaging using a flat panel Sl emeas s ﬁ: -T s s T
detector (FPD) called cone-beam CT (CBCT) [5, 6]. We % a9
compare in this study three MSCT and one CBCT, from 2 E p
different manufacturers, that have been installed in our ;2 ?::3 E
University Hospital since 2011. The purpose of this study g g S .
is to evaluate linearity, geometric accuracy, homogeneity A E T E, 5 S E E 20
and spatial resolution for these apparatuses using a phan- i g E §
tom adapted to small field of view (FOV) and high spatial & % g S ;9
resolution [7]. Each CT system was tested with protocols C g g ;E 5 2
used in our clinical routine. To complete the quantitative E g % % é '%m &
analysis, a human dry skull was examined under the same o .§ % e z S g o = i Z - o
conditions in order to allow for a visual qualitative OC|BEC0RLZIRBI&L & ~«
evaluation. =
s L
R
Material and methods % '2:13 “;’
S R
CT systems and acquisition protocols é z E g é S22 Z -3
§ g 53
The MSCT instruments were: Somatom Flash CT é E § ; 2 A ;
(Siemens Medical, Erlangen, Germany); Discovery g . L; 2 . z?; —S - 'j::-f 2
CT750HD (GE Healthcare, Milwaukee, USA); and g g é :% E 3 § S 2 < quz "
Aquilion One 320 (Toshiba Medical Systems, Nasu, E 218835 88zE822 73
Japan). The CBCT was a Newtom 5G (QR s.r.l, Verona, 3 e
Italy). All apparatuses were tested with modes that enable 2 < g -
high-resolution bone imaging; they were all up-to-date in % 3 E % § § e E
terms of hardware and software at the time of the study. _§ % § 5 g é E & \‘,é/
We decided to work only with filtered back-projection £ g é § g T g ¢ § g
(FPB) reconstruction algorithms, in order to make a com- Z2| B g S g g E ‘3 g g E
parison between all systems possible. Reconstructions f ‘5 4 % :é _§ % :é gx\g :é
were all done using the proprietary software. The charac- = g :g g 522 o § E §§/ B E
.. e < 53 & 9 ¥ > o © [} o O
teristics of the CT systems and protocol acquisitions are El=12A LH<Ex0o< 2 &<
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Fig. 1 Separate modular sections of the vmCT phantom acquired on a preclinical micro-CT system (eXplore CT 120, GE Healthcare, Waukesha, WI,
USA). Resolution coil plate (a), linearity plate with iodine concentration listed in mg.mI™ (b), Geometric accuracy plate with copper wire (c)

summarized in Table 1. Each acquisition has been num-
bered (from #1 to #8); this identification number will be
used in the following for further reference. For MSCT, we
used the proposed standard and high-resolution bone pro-
tocols. These two protocols were not available for the
Toshiba system and we used the best-resolved acquisition
protocol offered by the manufacturer.

Phantom

The vmCT (Shelley medical technologies, Toronto, Canada)
is a phantom [6] consisting of separated modular sections,
each designed to evaluate one particular aspect of image
quality (resolution, geometric accuracy, linearity, uniformity
and noise). The sections are held together inside an acrylic
tube with an inner diameter of 63 mm and an outer diameter of
70 mm; the total length of the phantom is 54 mm (Fig. 1).
These dimensions are adapted to the use of a small FOV
especially for the CBCT acquisition #8 (Table 1).

Spatial resolution

The resolution coil plate of the phantom (Fig. 1) provides a
visual qualitative measurement of the spatial resolution of the
system. Embedded in the polycarbonate plastic plate of
4.8 mm thickness, there are four alternated aluminium and
mylar sheets spiral coils, with layer thicknesses of 150, 200,

300 and 500 pum, corresponding to 3.3, 2.5, 1.67 and 1 line
pairs per mm (Ip.mm™), respectively. The standard deviation
(SD) in four volumes of interest (VOI) of 1.5x1.5x1.5 mm’
placed on each coil (top, bottom, left and right) were measured
and corrected by the SD of the phantom uniform region. For
the quantitative spatial resolution analysis, the modulation
transfer function (MTF) values were calculated for each coil
thickness using the average SD and the mean absolute differ-
ence CT values measured for aluminum and plastic [8, 9]. The
reference value (MTF 100) was determined from the CT
number for pure aluminum (CT,;) and plastic (CTpastic),
according to formula (1) [9].

‘ CTay _CTplastic |

MTF100 = > (1)

A subjective blinded visual analysis was conducted by
ten trained CT users (radiologists and technologists) to
qualitatively classify the different acquisitions. For each
acquisition, a semiquantitative visual scale using three
subscores evaluating spatial resolution, blurring and image
artefacts, was applied (Table 2). The different acquisitions
were ranked from these results. This blind analysis was
performed using the free software Osirix (Www.o0sirix-
viewer.com).

Table 2 Phantom analysis
Phantom analysis scale

scoring
Spiral coil (500 pum) non visible 0 lightly visible 1 clearly visible 2
Spiral coil (300 pm) non visible 0 lightly visible 1 clearly visible 2
Spiral coil (200 pm) non visible 0 lightly visible 1 clearly visible 2
Spiral coil (150 pm) non visible 0 lightly visible 1 clearly visible 2
Blurring and artifacts detrimental 0 troublesome 1 non visible 2
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Table 3 Human skull analysis
scoring
Dental and peridental
Alveolar bone
Blurring and artifacts
Temporal region analysis scale
Petrous bone
Ear
Blurring and artifacts

Dento-maxillar region analysis scale

low quality 0 convenient 1 high quality 2
low quality 0 convenient 1 high quality 2
detrimental 0 troublesome 1 non visible 2
low quality 0 convenient 1 high quality 2
low quality 0 convenient 1 high quality 2
detrimental troublesome 1 non visible 2

Geometric accuracy

Four beads were placed 35 mm apart at the corners of an ideal
square centred in the geometric accuracy section (Fig. 1), and
one bead was placed at the centre of the square (24.75 mm
from the other four). The distance between two neighbouring
beads was measured between the beads centres on native
slices. The differences between the known physical distances
and the measured distances were expressed in % and the mean
distance error of each acquisition was compared to its pixel
size.

Linearity

The linearity of the system was determined by the linearity
plate, which consisted of vials of increasing iodine con-
centrations of 0.9375, 1.875, 3.75, 7.5, 15, 30 mg.mr1
[6]. The mean signal intensity and standard deviation for
each iodine concentration were measured in HU in a 3%
3x3 mm® VOI placed manually at the centre of each vial.

Fig. 2 Modulation transfer
function (MTF) of each protocol
(#1 to #8; see Table 1) measured
from the resolution coil plate

The relationship between signal intensity and iodine con-
centration was determined by linear regression analysis
(Microsoft Excel, Redmond, Washington, USA).

Uniformity

Four peripheral regions of interest (ROI) and one central ROI
of 3x3x 1 mm® were drawn on the uniformity section in order
to quantitatively assess the variation in signal intensity from
the centre to the periphery. The average differences in signal
intensity between the peripheral and the central regions, as
well as the average measured SD measured in the five ROIs
were used to calculate the uniformity-to-noise ratio. The total
measured noise can be considered as a quadrature summation
of photon noise and system noise [10].

Human skull-bone analysis

A human dry skull was loaned from the collection of the
Institute of Normal Anatomy of the Strasbourg Faculty of

0,00

0,35 0,70
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Fig. 3 Axial slices through the
resolution plates for different
protocols (#1 to #8; see Table 1).
Window level: 700; window
width: 4000

CT number

Medicine [11], in order to test different protocols on real bone
architecture. A blind visual analysis was conducted by ten
different trained CT users (radiologists and technologists) for
classifying the different acquisitions. In order to be compara-
ble over the different systems, a dental maxillary region and a

temporal region were examined to perform this visual quali-
tative analysis. For each acquisition, a semiquantitative visual
scale, using three subscores that evaluated anatomical struc-
tures, blurring and image artefacts, was applied (Table 3). The
scores were adjusted to ten and the different acquisitions were
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Table 4 Phantom and human dry skull scoring results

Rank  Radiologic phantom Dento-maxillary region Temporal bone region Mean
Score / 10 (n=10)  Acq. number Score/ 10 (n=10) Acq.number Score/ 10 (n=10) Acq. number Score/ 10 Acq. number

1 5.6 #4 8.8 #2 8.9 #2 7.6 #2
2 5.1 #2 7.7 #4 8.4 #4 72 #4
3 43 #8 6.9 #8 52 #3 5.0 #8
4 38 #1 5.0 #7 4.5 #1 4.2 #1
5 32 #3 43 #1 4.0 #5 3.7 #3
6 2.8 #7 33 #6 3.8 #8 35 #7
7 2.7 #5 2.7 #3 2.7 #7 2.8 #5
8 1.6 #6 1.7 #5 1.0 #6 2.0 #6

ranked from these results. This blind analysis was performed
using the free software OsiriX (Www.osirix-viewer.com).

Results
Spatial resolution

The in-plane MTF of each system was based on the
analysis of the reconstructed images of the coils. For
quantitative analysis, the MTF at 1, 1.67, 2,50,
3.50 lp.mm™' of each acquisition are summarized in
Fig. 2.

The visual qualitative analysis allowed the visualisation
of the 500 um coil for each acquisition protocol, the
300 um coil was seen for the #2, #3, #4,#7 and #8 acqui-
sitions, the 200 um coil plate was only seen in the acqui-
sition #8, and the 150 pum coil plate was never seen
(Fig. 3). Scores and rankings issued from different acqui-
sitions are given in Table 4. These rankings match the
quantitatively observed results (Fig. 2).

Geometric accuracy

For each acquisition, the measured errors were smaller than the
dimensions of the pixels (Table 4), meaning that the geometric
accuracy is efficient for all acquisitions and systems.

Linearity

The linearity of the system was determined using the mea-
sured CT number in iodine solutions at various concentrations
(Fig. 1). Linear correlation coefficients R? between measured
CT number and iodine concentration are given in Table 5. The
R? correlation coefficient value is comprised between 0.9809
and 0.9931, which shows that all systems are highly linear
over the range of signal intensities encountered.

Uniformity

Uniformity of the system’s signal response was measured on
the polycarbonate uniformity section. The average difference
in signal intensity values between peripheral and central re-
gions is reported in Table 4. Contrary to CBCT protocols (#6

Table S Geometric accuracy, linearity and homogeneity results for each protocol (#1 to #7; see Table 1)

Acquisition number #1 #2 #3 #4 #5 #6 #7 #8
Geometric accuracy

Mean measurement 0.08 0.04 0.07 0.10 0.11 0.02 0.05 0.011

error (mm)

Pixel size (mm) 0.16 0.16 0.20 0.17 0.19 0.25 0.15 0.075
Linearity

R? 0.9826 0.9896 0.9916 0.9884 0.9709 0.9931 0.9893 0.9924
Homogeneity

Uniformity (SD) in CT value 5.5 (1.29) 11.5(7) 1.75(1.28) 2.5(238) 6.53(251) 285(244) 35.03(23.03) 33.52(31.06)

Noise (SD) in CT value 43(6.52) 27.2(1.1) 22(1.41) 33.2(1.79) 25.83 (2.86) 16.18(4.04) 22.56(3.13) 34.84 (1.94)
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and #8), we note that for MSCT protocols (#1 to #5) the
average differences in signal intensity values between centre
and periphery were all lower than the measured noise-signal
intensity values. This means that the MSCT systems present a
better uniformity than the CBCT system. Radial signal pro-
files of the uniformity section illustrate this point (Fig. 4).

Fig. 4 Radial signal profiles of
the uniformity section for each
protocols (#1 to #8; see Table 1)
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anatomical regions are given in Table 4. These results show
that the trained users stated that acquisitions #2 and #4 stand
out from the others by systematically taking the lead in
ranking. The ranking of the other acquisitions varies

Fig. 5 Axial slice at the same
position of the dental region
obtained with each protocol (#1 to
#8; see Table 1) on the human dry
skull. Window level: 700;
window width: 4000

+2700

CT number

-1300

@ Springer

considerably from one expert to another, which precludes
classifying them. In general, we observed that the CBCT
acquisitions (#6 to #8) showed better scores in the dento-
maxillary region than in the temporal one (Table 4).
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Discussion knowledge, our work is the first study that compares appara-
tuses of the same generation with a dedicated, sized phantom.
CT models and methods In fact, previous studies did not use objective comparison
methods with small FOV adapted phantoms [12, 13], or did
This study compares different high-resolution protocols be-  not compare devices of the same generation or high-resolution

tween recent MSCT systems and one CBCT system. To our  protocols [14].

Fig. 6 Axial slice at the same
position of the temporal region
obtained with each protocol (#1 to
#8; see Table 1) on the human dry
skull. Window level: 700;
window width: 4000

+2700

CT number

-1300

@ Springer



514

Eur Radiol (2015) 25:505-515

Phantom and dry-skull analysis

Our results do not demonstrate the supremacy of CBCT for
bone-skull imaging that has been related in several studies [12,
15]. Our results, coming both from a phantom as well as a dry
skull, demonstrate that MSCT protocols #2 and #4
outperformed all the other MSCT and CBCT protocols
(Figs. 2, 3, 5, 6, Table 5). However, the CBCT acquisition
#8 provides interesting results. It is the only protocol showing
the coil plate at 2.5 Ip.mm™" on the phantom. It was ranked at
the third position on the dento-maxillary analysis. This con-
firms that CBCT systems can be considered as a good alter-
native to MSCT in dentistry.

These results strengthen the expectations raised in an ear-
lier study [16], and illustrate that spatial resolution is a com-
plex issue that depends on both detectors’ characteristics
(unitary elements number and size), geometrical aspects (focal
spot size, beam collimation), and acquisition mode (incremen-
tal, helical, number of projections, rotation duration time), but
also reconstruction parameters, like: kernel type, pixel recon-
structed size and reconstruction algorithm. However, as in
other studies [13, 14], the phantom used does not allow a
measure of resolution in the z direction.

Image homogeneity and geometric accuracy

The CBCT offers a large z-direction acquisition field by using
an FPD. This geometry presents the advantage of acquiring a
whole volume in a single rotation. However, it is more sensi-
tive to scattered radiation, which has an impact on image
homogeneity [13, 17], as demonstrated in our experience
(Fig. 4). In order to limit the consequences of the Compton
effect, we decided to realize acquisitions on a small FOV-
adapted phantom (Fig. 1) and on a dry skull (Figs. 5, 6). In
terms of linearity and geometric accuracy, all systems present
similar and robust results (Table 5).

Practical aspect

Our study is not exhaustive and is limited to the latest manu-
facturer models available at our university hospital. We also
do not discuss other practical aspects, like the reconstruction
speed and post-processing software. We note that, in our
clinical practice, CBCT remains more accessible and available
than MSCT systems. However, closer attention needs to be
given to the management of patient motion artefacts in CBCT,
due to rotation duration time (Table 1). For this reason, MSCT
remains preferred in our practice in cases of bone trauma [1]
and in the case of restless patients, especially in paediatrics.
This additional point, which has not been evaluated in this
work, is not in favour of CBCT. In this paper, we chose to limit
our study to image properties and did not look at radiation

@ Springer

safety considerations. Different kinds of studies state that
MSCT is more irradiative than CBCT [15, 18].

State of the art

In general, MSCT companies are well established in the field
of CT imaging and have been so since the beginning, therefore
having more experience than companies developing CBCT
systems. Today, CBCT is still quite a new technology in the
field of clinical bone imaging, and our results confirm that
currently it does not surpass MSCT. However, CBCT tech-
nology is still evolving, and current studies are trying to solve
some problems such as homogeneity, which could impact the
spatial resolution and improve the visualization of soft tissue
[13, 17, 19].
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