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Abstract Previous studies suggests that cone beam com-
puterized tomography (CBCT) images could provide
reliable information regarding the fate of bone grafts in
the maxillofacial region, but no systematic information
regarding the standardization of CBCT settings and
properties is available, i.e., there is a lack of information
on how the images were generated, exported, and analyzed
when bone grafts were evaluated. The aim of this study was
to (1) do a systematic review on which type of CBCT-based
DICOM images have been used for the evaluation of the
fate of bone grafts in humans and (2) use a software
suggested in the literature to test DICOM-based data sets,
exemplifying the effect of variation in selected parameters
(windowing/contrast control, plane definition, slice thick-
ness, and number of measured slices) on the final image
characteristics. The results from review identified three
publications that used CBCT to evaluate maxillofacial bone
grafts in humans, and in which the methodology/results
comprised at least one of the expected outcomes (image
acquisition protocol, image reconstruction, and image
generation information). The experimental shows how the
influence of information that was missing in the retrieved
papers, can influence the reproducibility and the validity of
image measurements. Although the use of CBCT-based
images for the evaluation of bone grafts in humans has
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become more common, this does not reflect on a better
standardization of the developed studies. Parameters
regarding image acquisition and reconstruction, while
important, are not addressed in the proper way in the
literature, compromising the reproducibility and scientific
impact of the studies.

Keywords CBCT - Bone graft - Windowing - Plane
definition - Slice thickness

Introduction

Bone volume and bone quality are factors of particular interest
in determining the optimal location for placing dental
implants and for their prognosis over time [1]. The necessity
for an adequate bone volume, providing sufficient ridge
height and width for functional and esthetic implant therapy,
made bone grafting a common and well-documented
procedure in dental practice during the last decades [2].

The gold standard evaluation method used to character-
ize the fate of the grafted bone over time has been a
histological evaluation of a sample of the graft, but in the
literature also other methods have been developed for this
purpose, mainly biomechanical, biomolecular, and non-
invasive imaging methods [3-5].

Recent developments of cone beam computerized tomog-
raphy (CBCT) have facilitated the evaluation of the grafted
region. CBCT may be an efficient tool to evaluate bone
remodeling compared to medical CT scanning since it has a
relatively low acquisition time and patient dose, and the
images are suitable for evaluation of treatment results at
various post-operative periods in longitudinal studies [6, 7].

DICOM (Digital Imaging and Communications in
Medicine) has become the standard format protocol for
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large image data sets such as CBCT-based data sets [8].
There is a wide range of software able to import DICOM
files and export sections or images in other formats, which
can later be used for specific measurements [9].

Although the literature suggests that CBCT images could
provide reliable information regarding the fate of the bone
graft [10, 11], systematic information regarding the protocols
of the image-oriented software evaluating the grafts is not
available. There seems to be no standardization regarding the
CBCT settings, properties, and radiation dose. There is also a
lack of information on how the images were generated,
exported, and analyzed when bone grafts were evaluated in
specific software. This may lead to inconsistencies that can
compromise the scientific value of the generated images, and
subsequently the outcome measures based on these [9].

For the evaluation of bone grafts, measurements of bone
volume, height, width, and density have been used to
conclude on the fate of the grafted bone [6, 12]. Studies
have reported on successful bone healing based on bone
density information retrieved from CBCT-based data [13],
but density values can be questioned due to distortion of
Hounsfield Units (HU) in CBCT imaging, i.e., scanned
regions of the same density in the skull can have different
gray scale values in the reconstructed CBCT data set [14].

Our objective was to (1) do a systematic review on
which type of CBCT-based DICOM images have been used
for the evaluation of the fate of bone grafts in humans,
retrieving scientific evidence regarding the image acquisi-
tion, reconstruction, and generation parameters and (2) use
a software suggested in the literature to test DICOM-based
data sets, exemplifying the effect of variation in selected
parameters (windowing/contrast control, plane definition,
slice thickness, and number of measured slices) on the final
image characteristics.

Material and Methods

The MEDLINE (PubMed) bibliographic database was
searched from 1950 to October 2010 for reports on the
use of cone beam CT images for the evaluation of bone
grafts. The search strategy was limited to human studies in
English language publications using the following com-
bined terms in the search strategy: (cone beam CT OR cone
beam tomography OR CBCT) AND (graft OR bone OR
transplant OR augmentation).

The electronic search was supplemented with a “hand”
search of Journal of Periodontology, Clinical Oral Implants
Research, International Journal of Oral and Maxillofacial
Implants, The Journal of Oral Implantology, Journal of
Oral and Maxillofacial Surgery, Journal of Clinical
Periodontology, and International Journal of Periodontics
and Restorative Dentistry.
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Studies examining the fate of maxillofacial bone grafts
based on CBCT-image evaluation qualified for inclusion.
Data extraction included information regarding (1) image
acquisition, (2) reconstruction, and (3) generation methods,
including the software used to generate the evaluated
images. All references were screened by one reviewer,
and the accuracy of data extraction was verified separately
by all authors.

Based on the information retrieved from the examined
papers, software was chosen to be used in the DICOM
image sets of test patients. Parameters regarding image
reconstruction and generation were changed in order to test
their interference in the final image used for clinical
decision making. For that, DICOM image sets were
acquired from bone-grafted patients, using an i-CAT
Classic (Imaging Sciences International, USA), with a
resolution of 96 dpi, 14-bits gray scale, and 0.25 mm voxel
size, and set to 120 kVp, 5 mA, 20 s exposure time.
Characteristics such as windowing (contrast control), plane
definition, and number and thickness of measured sections
were addressed, focusing on how the information, which
was missing in the retrieved papers, can influence the
reproducibility and the validity of measurements. The
research protocol was approved by the Araraquara School
of Dentistry Ethics Committee.

Results
Review Search Results

The search strategy yielded 527 publications in MEDLINE
(PubMed). “Hand” search did not reveal any additional
papers. The initial screening of the articles was conducted
using the abstracts and key words, but when these were
unclear or unavailable, the full text was used.

Screening yielded 12 citations that potentially met the
inclusion criteria, but nine papers were excluded for the
following reasons: two papers regarded the possibility of
using CBCT in the evaluation of bone surgery, including
bone grafts, but without clinical results [15, 16]; one paper
was in vitro [17]; one paper was based on the fate of the
donor area and not the fate of the graft [18]; two papers
were based on other techniques to achieve bone augmen-
tation—membrane alone and split-crest technique [19, 20];
one paper did not aim at evaluating the outcome of CBCT
[21]; and two papers regarded the use of CBCT in the
planning of the implant to be inserted in the grafted area,
but did not concern the graft itself [22, 23].

Three publications were identified that used CBCT to
evaluate maxillofacial bone grafts in humans, and in which
the methodology/results comprised at least one of the
expected outcomes (image acquisition protocol, image
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Table 1 Summary of sample characteristics of the included studies

Study Sample characteristics
Number of patients Age range Type of graft Number of  Period of examination
(years) examinations
Hamada et al. 2005 [33] 13 (6 males/7 females) 8-38 Onlay (does not specify from 1 Between 2 and 51 months post-

where the blocks were retrieved)

Gapski et al. 2008 [32] 1 (female) 53

Oberoi et al. 2009 [34] 21 (15 males/6 females) 7-13

Inlay (bovine hydroxyapatite 3
and bone allograft)

Onlay (blocks retrieved from 2
the iliac crest)

surgery
Baseline, immediate post-operative
and 6-month control

Baseline and a minimum of
12 months after surgery

reconstruction, and image generation information). The
selected papers included one case report [24] and two
prospective (consecutive cases) studies [25, 26].

Review Retrieved Results

Tables 1, 2, and 3 show the information retrieved from
these studies.

The studies differed notably with respect to image
acquisition, generation, and reconstruction. In total, the
included papers reported the fate of the graft in 35 patients
using CBCT as the evaluation method [24-26].

All patients had alveolar defects located in the maxilla,
34 of them in the anterior region (onlay bone grafts) and
one in the posterior (sinus lift—"“inlay” bone graft). In one
study, autologous bone retrieved from the anterior iliac
crest was used as grafting material [26], and one study used
a mix of bovine hydroxyapatite and bone allograft [24]. The
third study did not report the origin of the grafts [25].

Two studies had a baseline image to be compared with the
final image [24, 26], and the only study with a fixed
evaluation interval was the case report [24]. One study
reported complete information regarding the image acquisi-
tion protocols (acquisition time, kilovoltage (kV), miliampere
(mA), image resolution, and slice thickness) [25].

All studies were based on measurements made directly
in the DICOM rendering software, but none of them
reported information regarding the windowing (contrast
control), which was used to visualize bone. Two studies
displayed information on how the orientation plane for

generation of image sections was defined, and also how the
sections were oriented, and how many sections were
evaluated [25, 26].

The three studies used different software to reorient and
render the DICOM files. One study was based on software
that runs an exclusive file extension (ICATVision), i.e., the
DICOM files were converted to another format before the
images were accessed and measured [24]. The other two
[25, 26] were based on DICOM manipulating software;
only one of which is still available on the market (Amira,
Visage Imaging Inc., USA). This piece of software was
therefore chosen for the next phase of our study.

Experimental Results

Results from the experiment are based on the software
Amira 5.3.1 (Visage Imaging, USA), used in an earlier
version in one of the previous studies [26]. This software
has been used for medical purposes since 1995. We used
the most recent version, which was still available in the
market when the paper was written (September 2010).

Windowing

None of the selected papers described this issue. The used
software does not predefine specific values for different
types of tissue, but allows the user to change the values,
and therefore the view, to the image’s mapped values. We
evaluated five values for the center level (L) and band
width (W) of the displayed shades of gray, and these values

Table 2 Summary of the image acquisition protocols used in the included studies (nd = no data)

Study Image acquisition protocol

Acquisition time kV mA

Voxel resolution

CBCT equipment

Hamada et al. 2005 [33] 20.48 s 80 10
Gapski et al. 2008 [32] nd nd nd nd
Oberoi et al. 2009 [34] nd nd nd nd

0.117 mm

PSR 9000 (Asahi Roentgen Ind. Co. Ltd., Kyoto, Japan)
i-CAT (Imaging Sciences International, Hatfield, USA)
MercuRay (Hitachi Medical Corporation, Tokyo, Japan)
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were based on what is suggested when evaluating i-CAT-

thickness
1.0 mm

g o based DICOM images (W=2,272 and L=1,758, which
. allows the maximum intensity projection visualization;
E 3 W=1,858 and L=1,131, suggested for tooth visualization;
% Egg W=2,829 and L=1,803 suggested for panoramic image
E §_§$ visualization; W=3,086 and L=667 suggested for the
g Sm E E visualization of cross-section images of the jaws; and

finally W=3,285 and L=2,061 suggested for cephalometric
evaluation).

The subjective differences between the images generated
using the five settings for the windowing can be seen in
Fig. 1. It is clear that depending on the /# and L, the limits
of the bone are more or less conspicuous, and therefore
measurements may vary.

Plane Definition

of each subject, and subsequent
sections based on that curve

nd
a ROI, in which the sections

Five well-defined planes delimitating All from the ROI 0.4 mm
were analyzed

Based on central panoramic curve

The selected software does not allow the creation of
individualized planes for image segmentation. This made
it more difficult to find the correct sections that would
intercept the evaluated region perpendicularly. Therefore, it
is complex to obtain standardized transversal slices of the
region of interest (ROI), which will become a problem
when measuring graft height and width.

In Fig. 2, the same ROI is shown in different planes. The
ROI is from the posterior maxilla, and the correct transverse
section of the area to be grafted can be seen in the coronal
plane (a), while the sagittal plane (c) shows an image,
which is useless for height and width assessment. In the
anterior region, the transverse sections (perpendicular to the
evaluated region) are found on the sagittal plane as shown
in Fig. 1. The ideal software should facilitate the creation of
individualized new planes allowing the generation of exact
bucco-palatal transverse images of the graft.

exported
exported

Direct measurement/  Resolution Windowing Plane orientation definition
exported

exported image
Direct measurement Images not nd

Direct measurement Images not nd

Section Thickness

In the selected software, the module that allows image

International, Hatfield, USA)
Amira 3.1.1 (Visage Imaging, USA) Direct measurement Images not nd

ICATVision (Imaging Sciences

Table 3 Summary of the image reconstruction protocols used in the included studies (nd = no data)

o
s
S
=1
2
on
R=|
5}
el
=
S I 3 . . . 5
g a 2 segmentation and windowing does not allow changes in
2| g g section thickness. The voxel resolution is therefore the
g < 0 - thickness of the displayed section. Although restrictive,
E’ % E" k| 2 g - image standardization can be achieved in this way. Another
z 5 82385 Sw e module in the software (Multi-planar Viewer) allows
5 |£58 g £ P
o = e ©n . . . . .
3 ; o 8 % & 4 % M section thickness manipulation, but is not connected to
= ks o 8= . . . . . .
g 8 E E § 5 = g, § windowing adjustment. To exemplify how section thickness
< = . . . ..
E|lRE|E=T*2 =~ modification can influence the characteristics of the final
= = = image, Fig. 3 illustrates images of the same region
% O D generated using different section thickness values, ranging
<)
s 2 2 from 0.25 to 10 mm.
= = ; The subjective evaluation of these images reveals that
5 3 3 the thickness of the sections affects the appearance of the
z % é g reconstructed image, e.g., superimposition of anatomic
& T & B structures and bone grafts/screws is seen in thick sections.
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Fig. 1 Test anterior grafted
region displayed using different
values for the center level (L) and
band width (W) of shades of gray -~
displayed. The figures on the fop
left represent W/L

2272/1758

S -

S

-

This “anatomical noise” can disturb images interpretation.
This is illustrated in Fig. 4, with a thick section (30 mm)
providing a final image in which it is impossible to
delineate grafts placed at different sites.

Number of Sections

We generated a set of images of a grafted region at three
different time periods: baseline (before grafting procedure),
immediately after surgery, and 6 months post-operatively.
The images were acquired using a windowing definition
able to show transverse (sagittal) sections (#=3,086 and
L=667), the section thickness was 0.25 mm and the interval
between the sections was 1.0 mm, until a complete
mapping of the grafted block was fulfilled.

Figure 5 shows that different results are obtained if only
a central image of the graft is used to measure height and
width compared to the information shown on sections 4D
and 4E with their adjacent sections, such as 4A/4B and 4G/
4H. When comparing the same grafted region at different
time periods, the ideal should be to obtain a full profile of
the bone area, allowing the visualization of the final
“volume” of the area (complete width and height profile).

Discussion

The success rate associated with dental implant treatment
is directly related to the bone volume and quality
surrounding the implants, and therefore special attention
has been given in the literature to bone-grafting procedures
and how to evaluate the fate of the grafts [1-5, 27, 28].
Previous literature has agreed on histology as the “gold
standard” evaluation method to evaluate bone graft remod-

Fig. 2 Test posterior grafted
region displayed in different
planes. a Coronal, b axial, and
¢ sagittal

1858/1131

2829/803 3086/667 3285/2061

— T ——
‘ ‘ = -
> -~

eling, but an alternative method could be non-invasive
imaging [4-12, 16, 18, 20, 37, 38].

A new imaging method for dentistry, CBCT has enabled
3D display of bone structures, which facilitates the
assessment of boundaries of bone in areas selected for
implant placement [29, 30]. The possibility of 3D manip-
ulation and segmentation of the generated images has
increased the value of this method. The parameters can be
varied in order to attain images of the region(s) of interest,
ranging from section thickness to the mapping of scalar
values stored with the image that will be shown to the user
(windowing, or contrast control) [29, 31].

Data transfer between workstations connected to a
CBCT scanner follows the DICOM standard protocol [8,
31]. DICOM packages include information regarding
patient information, image acquisition, and the list of
images that correspond to axial sections to form 3D images,
allied to a “map” of how the images must be oriented to
generate the final images [7]. The CBCT manufacturers
provide software to generate DICOM files of the exams,
but there is also a wide range of software able to import
DICOM files, work on them, and export sections of images
in other formats [7, 31], and those images can later be used
for various measurements [9]. A major problem is,
however, that the selection of parameters related to image
generation and manipulation in CBCT imaging, including
the selection of software, cross-sectional slice thickness,
inter-slice interval, windowing (contrast control), and
resolution, seems to have been performed almost arbitrarily
[29].

The intention of our review was to recapitulate how
human bone grafts have been evaluated in studies using
CBCT-based DICOM data sets and illustrate the deficien-
cies associated with the lack of standardization. In the
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Fig. 3 Test anterior grafted
region displayed using different
values for section thickness (the
figure on the fop left)

systematic review, three publications were identified that
used a CBCT technique to evaluate maxillofacial bone
grafts in humans, together with at least one of the outcomes
under review (image acquisition protocol, image recon-
struction, and generation information) [24-26]. Included
papers reported the outcomes of 35 maxillary grafted
patients. The way images were acquired, generated, and
reconstructed differed notably in these studies, and only one
study provided complete information for image acquisition
(time, kV, mA, and resolution) [25]. This information is
extremely relevant in order to compare studies in the
literature since these parameters can directly influence the
characteristics of the final images [32]. The imaging
protocol should concern population dose and image quality.
The estimation of fatal cancer risk arising from oral and
maxillofacial CBCT imaging has increased from 23% to
224% following new recommendations for calculating
effective dose [33], and radiation dose is directly connected
to the acquisition time, along with other factors such as
FOV, mA, and kV [34]. It is important to emphasize that
the “ALARA” principle should always be applied, thus the
protocol (i.e., radiation dose) must be tailored to each case.
The majority of the screened studies did not provide
complete information regarding these variables. However,
standardization over time is essential, since after window-
ing and leveling adjustments technique artifacts and noise
may be minimized by software manipulation [34].
Pertaining to image quality, the literature still lacks
evidence since no studies seem to have been conducted on

S

Fig. 4 Test anterior grafted region displayed using a section thickness
of 30 mm. It is impossible to delineate the two bone graft blocks
present in the image, and the superimposition of the screws and
anatomic structures impedes assessment of the grafts

@ Springer

the relationship between dose and quality for CBCT.
Studies on medical CT scanning are not comparable with
CBCT since the resolution of the CBCT devices used in
dentistry is higher, with small voxel sizes and also with a
different signal-to-noise-pixel size correlation, derived from
quantum statistics [33]. The structural details of a CBCT-
based image are directly related to the voxel size, and
depending on the purpose of the images, this may play a
decisive role [35]. No information regarding the effects of
different voxel sizes on the evaluation of bone grafts was
found in the literature.

All selected papers concluded on results from measure-
ments made directly in the image rendering software or in
the DICOM orientation software; however, they were poor
in presenting how the images were generated. The first
point to address is the contrast control of the displayed
image, also known as “windowing”. For DICOM images,
visualization is based on a threshold filter, which assigns a
binary value, either transparent or visible, to each voxel
based on its gray level value [7]. For most DICOM
orientation software, the user is able to define the critical
value that splits the voxels into visible and invisible, or, in
other words, the windowing of the image. This result in a
rendered image is composed of all visible voxels. As
shown by our test images, different windowing values
provide different final images when different values
for the center level (L) and band width (W) of shades of
gray are used. This may influence linear and volumetric
measurements.

Cortical bone, bone trabeculae, and intertrabecular tissue
have varying densities, and in traditional medical CT these
different densities can be interpreted using HU, providing a
quantitative assessment of bone density as measured by its
ability to attenuate an X-ray beam. However, density
differences present a challenge when examining CBCT
images. The displayed grey levels in CBCT systems are
arbitrary and do not allow for the assessment of bone
quality as performed with HU in medical CT [36]. In
CBCT, image grey shades range between black and white,
and the displayed shades can be arbitrarily limited to a large
or small window within a contrast control scale. The
windowing can be raised or lowered depending upon the
absorption value of the material of interest, but at the same
point the examiner must be able to decide which window
level and width will most accurately represent the anatomic
truth of a tissue under examination [37]. Without a concise
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Fig. 5 Test anterior grafted region displayed using a slice thickness of
0.25 mm, generated each 1.0 mm in the ROI. Each row represents a
different evaluation time of the same site: top row baseline (before

designation of the windowing that was used to evaluate a
patient’s image, it is impossible to reproduce the measure-
ments and also to compare results between studies. Future
studies should render the diagnostic accuracy of measure-
ments in images where windowing varied.

The orientation plane for generation of the sections
before measuring a grafted bone is another important issue.
The DICOM data set can be accessed in different manners,
and the operator can visualize it by going through a
determined stack of sections. The 3D image can be
reformatted and 2D images generated based on the 3D data
set, allowing the operator to scroll through the 2D images
in any plane or direction, and also in different depths,
depending on section thickness. The generated sections will
completely depend on the orientation planes. Knowing how
the patient’s head is oriented and in which direction the
slices will be generated is a “sine qua non”. To facilitate
image comparison over time, there are ways to superimpose
CBCT data sets obtained from the same region, assuring
that the images are generated from the same position.
Reliable and accurate landmark-based superimposition
techniques for evaluating changes over time have not been
established yet, but there is focus on the issue [38]. In our
review, the included papers aimed only at the anatomic
guidelines to access a determined ROI and offered no
information about recreating the same ROI in different
images. Without this information a study cannot be
reproduced, and the scientific value of papers that do not
address this parameter can be contested since without the
plane definition, the same ROI can be shown in diverse
forms, many of them creating “contaminated” images of the
area to be measured. In some cases, image signal-to-noise
ratio may dictate the selection of section thickness; the
thicker the sections the higher the signal-to-noise ratio in
the images.

We also addressed the cross-sectional section thickness
and the inter-section interval (the distance between adjacent
cross-sectional images), directly connected to the number of

grafting procedure), center row immediately after the surgery, and
lower row 6 months post-operatively. The images from a to h represent
0.25-mm-thick slices, made with a 1-mm interval

evaluated sections from each grafted site. Some clinicians
believe that thinner, more closely approximated cross-
sectional sections provide more accurate information since
they are more prone to display important diagnostic
features of a disease or condition [29], while thicker
sections might show the superimposition of other struc-
tures, disturbing the evaluation of the ROIL It may also be
possible to affirm that the more sections, the more precise
the data extracted from the data set since the appearance of
the reconstructed images (as reflected by differences in
bone linear measurements) will be closer to the anatomical
reality [29].

From our results, it is clear that software used for bone
graft measurements in CBCT image sections must allow
user control of the addressed parameters (windowing,
plane orientation, slice thickness, and inter-slice interval).
It must be a demand that authors specify the setting of
these parameters, including the image acquisition protocol,
image reconstruction, and image generation information,
in order to allow reproduction and comparability among
studies.

Conclusion

The parameters for image acquisition and reconstruction
were not addressed in enough detail in the studies selected
for this review, compromising their value. Based on our
experiment, it can be concluded that CBCT images differ
depending on windowing settings, plane definition, and
number and thickness of sections, likely to influence
measurement outcomes. We suggest that software to be
used for bone measurements in CBCT images must include
the possibility for controlling these variables, and that
future studies describe in detail the used settings.
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