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Computed gray levels in multislice and
cone-beam computed tomography
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Introduction: Gray level is the range of shades of gray in the pixels, representing the x-ray attenuation coeffi-
cient that allows for tissue density assessments in computed tomography (CT). An in-vitro study was performed
to investigate the relationship between computed gray levels in 3 cone-beam CT (CBCT) scanners and
1 multislice spiral CT device using 5 software programs. Methods: Six materials (air, water, wax, acrylic, plaster,
and gutta-percha) were scanned with the CBCT and CT scanners, and the computed gray levels for each
material at predetermined points were measured with OsiriX Medical Imaging software (Geneva,
Switzerland), OnDemand3D (CyberMed International, Seoul, Korea), E-Film (Merge Healthcare, Milwaukee,
Wis), Dolphin Imaging (Dolphin Imaging & Management Solutions, Chatsworth, Calif), and InVivo Dental
Software (Anatomage, San Jose, Calif). The repeatability of these measurements was calculated with
intraclass correlation coefficients, and the gray levels were averaged to represent each material. Repeated
analysis of variance tests were used to assess the differences in gray levels among scanners and materials.
Results: There were no differences in mean gray levels with the different software programs. There were sig-
nificant differences in gray levels between scanners for each material evaluated (P <0.001). Conclusions:
The software programs were reliable and had no influence on the CT and CBCT gray level measurements. How-
ever, the gray levels might have discrepancies when different CT and CBCT scanners are used. Therefore,
caution is essential when interpreting or evaluating CBCT images because of the significant differences in
gray levels between different CBCT scanners, and between CBCT and CT values. (Am J Orthod Dentofacial
Orthop 2013;144:147-55)

one-beam computed tomography (CBCT) was
developed in the 1990s as an evolutionary process
resulting from the demand for 3-dimensional
(3D) information obtained by conventional computed
tomography (CT) scans.' A number of diagnostic tasks
unique to dentistry are driving this development. Plan-
ning implant placements to replace teeth, securing
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dentures, and anchoring orthodontic appliances are fre-
quent applications for 3D investigations of the jaws.?
Also, upper airway analysis,>® and orthodontic and
orthognathic surgical planning for patients with
significant facial asymmetry has been increasingly
performed based on 3D volumes.” CBCT has also been
used to study the changes of the maxillary dentoskeletal
complex with rapid palatal expansion.””” CBCT
technology for dentistry has some advantages over
medical CT, such as lower cost and radiation dose,
shorter acquisition time, better resolution, and greater
detail.>'%""°

The CT images are stored using digital imaging and
communications in medicine (DICOM), a revolutionary
standard medical-image file format developed by the
American College of Radiology and the National Electri-
cal Manufacturers Association to facilitate interoperabil-
ity and communication among different medical
imaging devices.'® 1t was adopted in 1993 and became
widely used in health care messaging over the world.'®
A DICOM record consists of a DICOMDIR file, which
includes patient information, specific data on image
acquisition, a list of images that correspond to the axial
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slices forming the 3D image, and a number of sequen- bone density assessment with CBCT imaging,'*?”"'
tially coded images that correspond to the axial slices. analogous to the Hounsfield units obtained with
When those axial slices are combined in the correct conventional multislice CT.2' However, scattering and
order, they form the 3D image.'” The CBCT manufac- image artifacts produced by CBCT scanners are much
turers provide software to generate DICOM files of the higher; consequently, the accuracy of CBCT gray levels
examinations, but there is also a wide range of software can be affected.””?*> For CT systems, there is
packages and applications available, even freeware, ded- a standard scheme for scaling the reconstructed
icated to managing and analyzing DICOM images, work- attenuation coefficients that are the basis of gray
ing on them, and exporting sections of images in other levels or Hounsfield units. To date, the manufacturers
formats.'”'® Therefore, those images can be used for of dental CBCT systems have not used a standard
various measurements,'**° system for scaling the gray levels representing the

Each slice of the CT image is composed of pixels, each reconstructed values. A system of linear regression
of which has a number expressing the tissue density, equations to derive Hounsfield units from CBCT
referring to the CT number, pixel value, Hounsfield units, computed gray levels has been presented for 7 tissues
or gray levels. These numbers are related to the linear at- and 11 CBCTs.'® In the method of Mah et al,'” there
tenuation coefficients (u) of the tissues that make up the are some limitations when it is applied to clinical practice
slice and can be calculated as follows: because of the phantom’s size in relation to the field of

view. They concluded that it is difficult to interpret the

CT ber = (p, — ‘K
number = (i = py) /by gray levels or to compare the values resulting from dif-

where u, is the attenuation coefficient of the measured ferent machines.'® Therefore, the use of gray levels for
tissue, w,, is the attenuation coefficient of water, and scaling in CBCT as a measurement of bone density
K is a manufacturer’s scaling factor or contrast factor; remains controversial.>®> Other in-vitro studies have in-
in general, K = 1000.”"** On most CT scanners, the vestigated the correlation between gray levels obtained
CT numbers range from -1000 for air to +1000 for from CBCT and CT scanners. According to Nomura
bone, with the CT number for water set at 0."*** In et al,>* the gray levels from CBCT were different from
the Hounsfield scale, it is considered that water has those of multislice CT. Chindasombatjaroen et al®®
a neutral density in the CT image (value, 0). Thus, found that pixel values in CBCT were considerably lower
higher-density tissues are decoded by the scanner with than those in medical CT, when comparing the same ma-
a positive number, and they are called hyper-dense, terial and imaging parameters. However, they explained
whereas tissues with lower density than water receive that linear functions can be used to convert a pixel value
a negative number, and they are called hypo-dense.”*** from a CBCT scanner to CT values.3®

The CT numbers are converted into shades of gray (gray The objectives of this study were to evaluate 5 soft-
scale), with higher numbers assigned a white color, and ware programs dedicated to managing and analyzing
lower numbers are shades of gray between black and DICOM images and to compare the gray levels of differ-
white. This assignment is related to the attenuation ent CBCT and CT devices using phantom scans. Two pri-
characteristics of the tissues. Bone attenuates more mary null hypotheses were tested: (1) there are no
radiation and therefore is assigned white, whereas air differences in gray level assessments among different
attenuates little radiation and appears black (the same software programs, and (2) there are no differences in

appearance as on an x-ray film screen image).*?

Currently, understanding of gray levels is essential for
dentists, especially for orthodontists and oral surgeons.
Thresholding of gray levels is the basis of the segmenta-

gray levels produced by CBCT and CT scanners.

MATERIAL AND METHODS

tion process and the construction of 3D virtual surface For this study, acrylic polymethyl methacrylate
models.® Both are used for 3D diagnosis in orthodontics phantoms shaped as empty cubes of 3 X 3 X 3 cm?,
and maxillofacial surgery. Some of these applications are were filled with the following materials: gutta-percha
for orthognathic surgical planning, impacted tooth (Odahcam, Dentsply/Maillefer, Rio de Janeiro, Brazil),
assessment, 3D cranial base superimposition for treat- dental stone plaster (Herodent, Vigodent Industries,
ment evaluation, and upper airway analysis. Addition- Rio de Janeiro, Brazil), dental wax (NewWax, Technew
ally, gray levels can be used for cortical bone density Industries, Rio de Janeiro, Brazil), distilled water
assessment for dental implants, bone graft evaluations, (Encomaster, Porto Alegre, Brazil), and air (not filled).
pathologic lesion diagnosis,'® and differentiation.”® A solid acrylic specimen of 1.8 X 1.8 X 1.8 cm® was

Several authors have reported the use of CBCT inten- also used in this study (Fig 1), and the upper face of
sity values (gray levels) as a measurement of reference for this cube was used as a reference for standardization
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Fig 1. Acrylic polymethyl methacrylate phantoms cubes, 3 X 3 X 3 cm®, were filled with the following
materials: A, dental wax; C, air (not filled); D, distilled water; E, gutta-percha; and F, dental stone
plaster; B, the upper face of a smaller solid acrylic specimen, 1.8 X 1.8 X 1.8 cm®, was also used
as a reference for standardization of the axial slice chosen to make the gray level measurements.

of the axial slice chosen to make the gray level
measurements.

The specimens were scanned in 4 scanners: a helical
CT and 3 CBCT scanners as described in Table 1.

The following software programs specifically
designed for visualization, analysis, and manipulation
of DICOM images were selected: OsiriX Medical Imaging
Software  (Geneva, Switzerland),  OnDemand3D
(CyberMed International, Seoul, Korea), E-Film (Merge
Healthcare, Milwaukee, Wis), Dolphin Imaging (Dolphin
Imaging & Management Solutions, Chatsworth, Calif),
and InVivo Dental Software (Anatomage, San Jose, Calif).

As explained previously, the upper face of the solid
acrylic cube was used to determine the slice where the
specimens were measured.

Using the software program tools, diagonal, horizon-
tal, and vertical reference lines were drawn to locate the
following points: central, upper, right, lower, and left
(Fig 2).

From the helical CT and CBCT axial images of the 6
phantoms, 10 measurements were made at each point
with each of the 5 software programs to obtain an aver-
age gray level. To assess the homogeneity of the gray
levels for each material (inside each square), 5 points
were measured (Fig 2, B).

American Journal of Orthodontics and Dentofacial Orthopedics

Statistical analysis

A calibrated operator (F.A.) measured the 5 predeter-
mined points of each material (4 corners and center) 10
times (Fig 2). Each measurement was assessed again 2
weeks later with the InVivo Dental Software program.
The intrarater repeatability of these measurements was
calculated with intraclass correlation coefficients
(ICCs). The 5 gray level measurements (a-e in Fig 2)
were averaged to represent each material. These data
passed the normality test (Shapiro-Wilks). We used re-
peated analysis of variance (ANOVA) tests with 2 factors
(material and scanner), and the interaction term materi-
al*scanner to assess differences in gray levels between
the scanners and the materials. Because of the signifi-
cant interaction of material*scanner, we studied each
material separately and looked for differences in gray
levels between the scanners for each material with a re-
peated ANOVA test for each material. For each repeated
ANOVA test, the Mauchly test of sphericity was per-
formed, and the assumption of sphericity was tested. If
the test of sphericity failed, the Greenhouse-Geisser cor-
rection was used to complement the ANOVA test. Addi-
tionally, post-hoc tests with the Bonferroni adjustment
were used to compare the mean gray levels for each
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Table I. CT and CBCT scanners compared in this study with their settings

Scanners
Siemens Dual Slice Helical CT
(Siemens Medical Solutions, Malvern, Pa)
of FOV size

Imaging settings
130 kVp, 180 mAs, 1.25-mm slice thickness
with 1.25 mm of interval and 21 X 9 cm

Specimen scanning

Six specimens were scanned at the
same time.

i-CAT CBCT (Imaging Sciences International, 120 kVp, 320 mAs, 0.3-mm voxel dimension, Five specimens were scanned at the same time.

Hatfield, Pa)

Sirona Galileos CBCT (Sirona Dental Systems, 85 kVp, 35 mAs, 0.3-mm voxel dimension,
and 15 X 15 cm of FOV size

85 kVp, 43.2 mAs, 0.076 mm of voxel
dimension, and 4 X 5 cm of FOV size

Bensheim, Germany)
Kodak 9000 3D CT (Carestream Health,
Rochester, NY)

FOV, Field of view.

and 16 X 13 cm of FOV size

The gutta-percha cube was scanned separately
with the solid acrylic cube, since there was
no space for all specimens in the FOV.

Six specimens were scanned at the same time.

Due to the small FOV, the specimens were
scanned in pairs including the acrylic cube
in all scans.

Fig 2. A, Diagonal, horizontal, and vertical reference lines were drawn; B, 5 points were identified on
each phantom: central (&), upper (b), right (c), lower (d), and left (¢). Ten measurements were made at
each point with each software program to obtain an average gray level. To assess the homogeneity of
the gray levels for each material (inside each square), 5 points were measured.

pair of imaging scanners. The statistical software used
was SPSS for Windows (version 12.0; SPSS, Chicago,
111), with a significance level of 0.05.

RESULTS

The 1CC comparing the 10 repeated measures showed
high reliability of the CT and the CBCT gray level mea-
surements for all materials (Table ).

The descriptive statistical analysis showed no differ-
ences in mean gray levels by software program (OsiriX,
OnDemand3D, E-Film, Dolphin Imaging, and InVivo
Dental) for the CT scan measurements (Fig 3, A) or for
the averaged CBCT measurements (Fig 3, B).

With the data from the InVivo Dental Software,
arepeated ANOVA test with 2 factors (material and scan-
ner) and 1 interaction factor was performed. Significant
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differences were found between materials (P = 0.001)
and between scanners (P = 0.001), and a statistically
significant interaction for material*scanner (P = 0.001).

The repeated ANOVA tests showed significant differ-
ences in gray level measurements between all CT and
CBCT scanners for each material, gutta-percha
(P <0.001), plaster (P = 0.001), acrylic (P <0.001), water
(P <0.001), wax (P <0.001), and air (P <0.001) (Fig 4).

After correcting for multiple comparisons (Bonferroni
adjustment), we found significant differences in the
gutta-percha gray level measurements among all possible
pairs of scanners (Figs 4 and 5, A). Significant differences
in plaster data among scanners were also found except
between Kodak and Siemens CT (P = 0.633) (Figs 4
and 5, B), and the acrylic measurements showed statisti-
cally significant differences among all devices, except
between i-CAT and Siemens CT (P = 0.140) (Figs 4 and
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Table II. 1CCs of gray levels for each scanner and ma-
terial

CBCT i-CAT CBCT Sirona CBCT Kodak CT Siemens

Gutta- 991 .998 .999 999
percha
Plaster 975 .996 999 999
Acrylic 974 977 999 .999
Water 964 .999 .997 999
Wax 991 .989 .995 .999
Air 999 976 .999 .998
A CT measurements
3500
3000 —\
2500 \
2000 «=g==Dolphin
1500 \ =f=InVivo
1000 s
\ == Osirix
500
0 ‘.—.)s-'_(— O send
500 sy E-Film
-1000 \7
1500
Gutta Plaster Acrylic Water Wax Air
B CBCT measurements
6000
5000 —\
4000
«=g=Dolphi
3000 \ phin

== nVivo
2000 e
== Osirix
1000 e OnDemand
0 7 it E-Film
-1000

-2000

Gutta Plaster Acrylc Water Wax Air

Fig 3. Descriptive statistical analysis showing no differ-
ences in mean gray levels by software program: A, the
CT scan measurements; B, the averaged CBCT mea-
surements.

5, ). The gray levels of water had significant differences
among the scanners except between Sirona and Siemens
CT (P = 0.145), and Kodak and Siemens CT (P = 1.000)
(Figs 4 and 5, D). Similarly, in the wax measurements, sig-
nificant differences among the scanners except between
Kodak and Siemens CT (P = 1.000) were examined
(Figs 4 and 5, E). There were significant differences in
the gray levels of air among the scanners, except between
i-CAT and Siemens CT (P = 1.000) (Figs 4 and 5, F).
For all materials used in this study, except air, Kodak
had computed gray levels close to Siemens CT, which
provides a reference of Hounsfield units. The i-CAT
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Fig 4. Descriptive statistical analysis showing differ-
ences in gray level measurements between CT and
CBCT scanners for each material.

data showed a trend to overestimate the gray levels for
gutta-percha, plaster, water, and wax specimens
(Fig 5). However, this scanner showed similar data to
the Siemens CT for air (Fig 5, F). 1t was also observed
that the Sirona CBCT had a tendency to underestimate
the density values compared with the other scanners,
except for water and air (Fig 5).

Gray levels were measured by 1 operator (F.A.) at 5
points (Fig 2) to assess the homogeneity of the gray
levels for each material (inside each specimen) (Table
11). For each CT and CBCT scanner, homogeneity of the
gray levels for gutta-percha, plaster, and air was ob-
served, but the acrylic, water, and wax specimens had
greater variations among the corners, specifically the
Sirona CBCT data (Table 111).

DISCUSSION

In this study, we compared the gray levels of 6 mate-
rials scanned with 1 CT and 3 CBCT scanners. Also, the
gray level assessment was tested in 5 software programs.
The selected materials used to fill the phantoms were
chosen for their relevance in dental imaging. Plaster
composed of hydroxyapatite represented the mineral-
ized tissue density, and acrylic, water, and wax repre-
sented various soft-tissue densities. Craniofacial
cavities and airway space were represented by the un-
filled phantom (air), and endodontic treatments appear
similarly as in the gutta-percha phantom. Obviously,
the phantoms do not contain the distinctive features
found in dentomaxillofacial regions, but these were
not needed for this study. To simulate various hard
and soft tissues, other CT and CBCT studies also pre-
pared phantom objects containing hydroxyapatite,®*
water,>*7*> acrylic resin,?® fluids in different concentra-
tions used as contrast agents,>>?> utility wax,*> and
metallic alloys.>*® Other authors used prefabricated
phantoms.'>*®  However, mno previous authors

July 2013 e Vol 144 e Issue 1
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Fig 5. Differences in gray level measurements for each material after correcting for multiple compar-

isons (Bonferroni adjustment).

compared different software programs for gray level
assessment as we did in this study.

There is a wide range of software packages capable of
importing DICOM files and exporting sections or images
in other formats, which can be wused for specific

July 2013 e Vol 144 e Issue 1

measurements such as bone volume, height, width, and
density.'>?%*73%  Although the literature reports
differences in the software algorithms used to
reconstruct the images among different manufacturers,
we found no statistically significant differences among
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Table Ill. Gray level means, standard deviations, and
standard errors for each material with the 4 scanners

CBCT CBCT CBCT CT
i-CAT Sirona Kodak Siemens

Gutta-percha

Mean 5019.0 995.9 1752.4 3071.0

SD 342.1 106.7 148.3 0.0

SE 108.1 33.7 46.8 0.0
Plaster

Mean 2334.3 610.9 1188.4 1367.4

SD 75.2 20.6 71.8 65.2

SE 23.7 6.5 22.7 20.6
Acrylic

Mean 246.8 —371.6 —76.6 140.8

SD 54.5 71.2 67.3 26.4

SE 17.2 22.5 21.2 8.3
Water

Mean 265.9 49.8 —20.3 —6.9

SD 30.9 18.8 34.9 24.6

SE 9.7 5.9 11.0 7.8
Wax

Mean 97.7 —547.7 —128.4 —150.6

SD 44.1 70.2 25.6 56.3

SE 13.9 22.2 8.1 17.8
Air

Mean —1000.0 —623.6 —287.8 —1004.9

SD 0.0 49.9 7.8 21.6

SE 0.0 15.7 2.4 6.8

the evaluated software programs for gray level assessments
(Fig 3).>° Similar results were found by Weissheimer et al,®
who compared the precision and accuracy of 6 DICOM
viewers for 3D analysis of the upper airway. They also
used an air-filled acrylic phantom (rectangular prism)
scanned with the i-CAT scanner. They found that InVivo
Dental, OnDemand3D, Mimics, OsiriX, and ITK-Snap soft-
ware programs produced similar segmentation volumes of
the phantom when the same gray level interval of —-1000 to
-587 Hounsfield units (fixed threshold) was used. In our
study, since there were no differences among the software
programs, InVivo Dental Software was randomly chosen to
compare the differences in gray levels among the scanners
and materials.

According to the literature, the Hounsfield unit is the
standard scale for measurements of tissue density with
medical CT.">'®3"4° However, the use of Hounsfield
units in CBCT as a measurement of tissue density is
controversial.>® For this reason, it seems more appropri-
ate to use “pixel value” instead of “Hounsfield units” to
represent the gray levels in CBCT images. Nomura
et al’** reported that pixel value in CBCT is linearly corre-
lated with the extent of x-ray absorption. Mah et al'®
developed a conversion factor whereby Hounsfield units
can be derived from the gray levels in dental CBCT scan-
ners using linear attenuation coefficients. They reported
that after a correction has been applied to the gray levels

American Journal of Orthodontics and Dentofacial Orthopedics

153

from the CBCT scanner, the values obtained are similar to
the Hounsfield units from a medical CT device. This
method was demonstrated with the 11 CBCT scanners
available on the dental market, and the results were as
accurate as those from medical CT. Unfortunately, the
phantom used by Mah et al'” is too large to be placed
in the field of view when scanning a patient.'> However,
the authors are working to create a smaller phantom that
could be used in clinical practice, providing much-
needed Hounsfield unit density values from CBCT
devices.'® Chindasombatjaroen et al*> suggested that
mathematical linear functions can also be used to con-
vert a pixel value from the CBCT machine to CT values
(Hounsfield units), and these estimated CT values derived
from the pixel values in CBCT might lead to better diag-
nosis and treatment planning. Studies have reported suc-
cessful bone healing evaluations based on bone density
information from CBCT data.'®*' But density values
can be questioned because of distortion of Hounsfield
units in CBCT imaging: eg, scanned regions of the
same density in the skull can have different gray levels
in the reconstructed CBCT data set.'®*® Other authors
affirmed that the use of density values in CBCT images
is not reliable because the values are influenced by the
scanner, the imaging parameters, and the position of
target objects in the field of view, potentially leading to
inaccurate bone density estimates.*

As in many studies, ours had some methodologic lim-
itations. Because of the different field of view sizes of the
machines, no standardization of the specimens’ posi-
tioning could be done during the scanning. In the
Siemens CT, i-CAT, and Sirona CBCT scanners, the spec-
imens were scanned at the same time, but not in the
same positions. In addition, differences in the image
acquisition settings and the number of specimens
scanned in each machine might have altered the image
contrast and, consequently, the gray levels.

In a previous study, Nackaerts et al*> observed that
the repositioning of the phantom resulted in large fluc-
tuations in intensity values with differences up to 20%
of the mean. Specifically, when the phantom was posi-
tioned off-center in the field of view, there were large
degradations in the intensity values in the CBCT. In
the CT imaging, the variations were small compared
with the mean intensity values. These facts suggest
that pixel value in CBCT is not as reliable as CT value
in medical CT,*® and that CT imaging is still a better
choice for bone density analysis with the Hounsfield
unit.25,42744

In our study, there were significant differences in
gray levels among the 4 scanners evaluated, with the Sie-
mens CT data as a reference to compare with the gray
levels obtained with each CBCT scanner. Furthermore,
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the CBCT gray levels showed significant differences Since computed gray levels are the basis for many
among the CBCT scanners evaluated, although the spec- procedures involving analysis of CBCT images (bone
imens’ measurements had been made on predetermined density for implant or mini-implant placement, con-
slices and points. This fact could also be attributed to the struction of 3D models for assessment of the craniofacial
different imaging settings (tube voltage [kV], tube cur- region, and airway segmentation), the systematic com-
rent X time [mAs], field of view, and voxel size),?>>" parison of different CBCT scanners should be further
because of variations in technical parameters among evaluated, and computed gray levels should be used
the scanners for CBCT imaging acquisition in the with caution. Improvements to establish a standard pixel
orthodontic and maxillofacial fields."? Thus, the beam value (or gray level) for all CBCT scanners are necessary
energy from the different scanners could have great and should be addressed by the manufacturers of CBCT
influence on gray level value outputs.”’ Physical and scanners.

mathematical calculations of x-ray mass attenuation co-
efficients and mass energy absorption coefficients can CONCLUSIONS
be applied for adjustment of gray level values using

standardized reference tables for different predeter- 1. The OsiriX, OnDemand3D, E-Film, Dolphin Imag-
mined materials at each energy level.'> However, these ing, and InVivo Dental Software programs were
methods were not included in this study because the considered similar for gray level assessments in
applications for materials such as dental wax, gutta- both CT and CBCT images.

percha, and plaster are complex. In CT, a high kilovolt 2. The computed gray levels might have discrepancies
technique is generally used (about 120 kV) to reduce when CT and CBCT images obtained with different
the dependency of attenuation coefficients on photon scanners are used. Therefore, caution is essential
energy, to reduce the contrast of bone relative to soft for evaluation and interpretation of density values,
tissues, and to produce a high radiation flux at the de- specifically for CBCT images that were not consid-
tector.”' These reasons are important to ensure optimum ered reliable for density analysis, because of varia-
detector response and, for example, to minimize artifacts tions in gray levels among different scanners and
resulting from beam-hardening effects.?' Apart from the differences observed at various locations in the
beam hardening,?"**2%* other physics-based artifacts same phantom material.

such as scatter'>>® and noise®® can also compromise

the accuracy of gray level measurements.'” As described

by Pauwels et al,’® beam hardening results in the REFERENCES
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