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Introduction
Cone-beam computed tomography (CBCT) is the most 

remarkable advancement in maxillofacial imaging since 
panoramic radiography.1,2 A primary application of CBCT 
throughout dentistry is in the relatively noninvasive mea-
surement of bone quality and quantity.3-5

Bone quantity is assessed by measuring the length, width,  
and height of the bone; however, no clear definition and 

measurement guidelines have yet been established for bone 
quality evaluation.2 Bone quality stems from structural 

(macroscopic and microscopic) and material (modulus of 
elasticity, mineral density, etc.) properties.6-8 Materials 
science explains that the macroscopic properties of mate-
rials result from the type, arrangement, and relationship of 
their microscopic components. In bone, the macroscopic 
properties, such as shape and density, are determined by 
the microscopic properties of the bone trabecular mesh-
work,9 which is the most homogeneous component of 
hard tissue and the main anatomical unit of bone func-
tion.8-10 Many methods exist to assess bone quality, in-
cluding histomorphometric analysis,11,12 micro-computed 
tomography (CT),13-15 CT,16,17 CBCT,2 and dual-energy 
X-ray absorptiometry.18-20 The most reliable, gold-stan-
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(r = 0.537, P = 0.002), bone volume (r = 0.672, P<0.001), and trabecular thickness (r = 0.692, P<0.001), as 
determined via the histomorphometric analysis.
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dard biological system for the microscopic evaluation of 
bone and the prediction of its biomechanical properties 
is histomorphometric analysis.11-13 In this method, sec-
ondary to the biological and histological properties, the 
mechanical features of the bone trabeculae, including the 
volume, number, and thickness, are evaluated. However, 
this method is destructive, complex, and time-consuming, 
and only a few bone sections can be evaluated; therefore, 
histological analysis cannot serve as a routine bone as-
sessment method.9,12,21 Micro-CT is a novel gold-standard 
method for morphometric analysis. Unfortunately, this 
method can only be used after surgery and is not practi-
cal in clinical settings.22-24 CT is an approved method to 
quantify bone density and quality by determining the CT 
number, or Hounsfield units (HU), before surgery. In this 
imaging technique, radiographic density is numerically 
determined based on the amount of X-ray absorption by 
different materials inside the image voxel. The measure-
ments are obtained as gray values (GVs) in CBCT, which 
are analogous to the use of HUs as a quantitative measure 
in CT. Although these numbers are not absolute, they can 
be used to compare the densities of materials. CBCT is a 
type of CT that is used extensively in dentistry to capture 
3-dimensional images. Using CBCT for bone densitome-
try requires stable, reliable GVs, as well as a constant re-
lationship between these values and density.1,2 Numerous 
papers have been published to compare CBCT GVs to 
HUs. The authors cited limitations including the restricted 
CBCT field, principles of the basic physics of radiation, 
and the common limitation of CBCT reconstruction al-
gorithms, where results can depend on the machine type, 
image acquisition parameters, and the position of the tis-
sue in the field of view (FOV).25-27As previously stated, 

bone quality and density are strongly impacted by the 
properties of bone trabeculae;8,9 given the extensive use 
of CBCT in dentistry, as well as the importance of deter-
mining bone quality and quantity, the aim of the present 
study was to determine the relationship between GVs and 
data obtained through histomorphometric analysis. A sig-
nificant correlation between histomorphometric data and 
GVs would indicate that GVs obtained from CBCT may 
be used to determine bone density and quality.

Materials and Methods
Sampling
This in vivo study was conducted on the maxillary bones 

of 7 disease-free sheep with approximate ages of 6-12 
months, which were considered mature. Sheep were cho-

sen among the available animals because the sheep man-
dible is similar to the human mandible in format, size, and 
structure.28 However, pilot radiographic evaluations indi-
cated that the sheep mandibular bone was very cancellous, 
with large bone marrow spaces and low trabecular volume. 
In contrast, the sheep maxillary and palatine bones had an 
approximately adequate volume of cancellous bone with 
more uniform trabecular and bone marrow space distri-
bution. After the animals were slaughtered, bone samples 
from the posterior region of the maxillary palatal process 
were removed at the Department of Prosthodontics and 
Implant Dentistry of Mashhad Dental School. Drilling was 
performed under irrigation at 1000-2000 rpm and a torque 
of 20-30 N/cm with an 8.0 trephine (1315/8.0, 8.0 ×9.0 
mm; Medesy, Maniago, Italy) (Fig. 1). Then, the samples 
were placed in their initial sites, the soft palate was sutured 
in its primary place, and the sheep’s heads were fixed. In 
this step, 50 bone samples were acquired.

Preparation and evaluation of CBCT images
Imaging was conducted using a CBCT unit (ProMax 3D 

Max; Planmeca, Helsinki, Finland) with a FOV of 10 × 10 
cm and standard exposure conditions (90 kVp and 12 mA) 

(Fig. 2). Romexis Viewer software (v3.8.3.R; Planmeca) 
was used for deriving GVs to evaluate the bone density. 
Because the bone specimens were acquired with the tre-
phine and then returned to their original locations, their 

Fig. 1. Removal of a sheep’s palate bone with a trephine.
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sidewalls were visible and traceable on the CBCT images. 
To analyze the images, using the Romexis software, the 
explorer tool was selected on the first page. Then, from 
the left menu, the settings option was opened and the fol-
lowing were selected: axial line, sagittal line, coronal line, 
and rulers. On the sagittal and coronal sections, the bone 
samples were moved to align the sidewalls of the target 
cylinder parallel to the sagittal and coronal lines. Thus, 
the cross-sections of all specimens in both sagittal and 
coronal views were parallel to the axial line, and corre-
spondingly, the removed cylindrical specimen was placed 
perpendicular to the axial plane. The sections observed 
in the axial view were therefore adjusted similarly to the 
section of the histological incision. Next, on the same 
page, in the left menu and the Annotations section, the 
“Measure Cube” option was selected. Using this option 
in the axial view, a shape with a length and width of 5 × 5 
mm and a fixed height of 2 mm was drawn inside the 
desired cylinders, without considering the cortical bone 
of the alveolar crest area, and immediately afterward, in 
the spongy bone area. The dimensions of the shape were 
similarly determined and fixed in the sagittal and coronal 
views (Fig. 3).

As shown in Figure 3, the software measures and dis-
plays several values. “Vol” is the volume of the selected 
shape, and “w,” “h,” and “d” represent its width, length, 

and height, respectively. “Avg” indicates the CBCT GVs 
measured by the software that are indicative of density. 
“StD” represents the standard deviation, while “R” indi-
cates the range of the densities measured in the selected 
area. In this step, any sample without a complete cross-sec-
tion or with a height less than 2 mm was excluded.

Histological preparation and histomorphometric 
analysis
Specimens were fixed in 10% buffered formalin for 3 

days and decalcified using 10% ethylenediaminetetraacetic 
acid (pH 7.2) for the following 4 weeks. Afterward, similar 
to the procedure for the CBCT images, the cortical bone 

(1 mm of the external surface of the palate) was removed, 
and a 2-mm-tall segment of the cylindrical bone was used 
as the final sample. In brief, tissue preparation of the sam-
ples was performed in the following order: dehydration 
with increasing concentrations of ethanol, clarification with 
xylene, immersion in paraffin, and serial sectioning of the 
paraffin molds by microtome into 6-μm sections. Finally, 
the tissues were stained with hematoxylin and eosin and 
observed under an optical microscope (BX51; Olympus, 
Tokyo, Japan). Some cross-sections were randomly pho-
tographed with a camera (IXUS 950 IS; Canon, Tokyo, 
Japan) attached to the microscope (Fig. 4). Within these 
sections, the total bone volume (TBV; the sum of the bone 
trabeculae and bone marrow spaces), the trabecular bone 
volume (referred to as bone volume [BV]), and the trabec-
ular thickness (Tb.Th) were calculated with the Cavalieri 
principle using ImageJ verified stereological software 

(available at https://imagej.nih.gov/ij/). Ultimately, 30 sam-
ples were confirmed for histomorphometric analysis, and 
the associations of CBCT GVs with TBV, BV, and Tb.Th 
were measured.

Statistical analysis
The distribution of data was analyzed using the Kolm-

ogorov-Smirnov test. Pearson analysis was conducted to 
calculate the correlation coefficients (r values) between 
variables. A linear regression test was used to predict GVs 
based on histomorphometric data and to determine the for-
mula relating GV and BV values. P-values less than 0.05 
were considered to indicate statistical significance, as set in 
SPSS Statistics 17.0.0 (SPSS Inc., Chicago, IL, USA) soft-
ware.

Results
Table 1 shows the average, minimum, maximum, and 

Fig. 2. Sheep’s head fixation and preparation for image acquisi-
tion.
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Fig. 3. A. In the Explorer menu of Plan-
meca Romexis software, the settings 
option is selected and “Rulers,” “Axial 
line,” “Sagittal line,” and “Coronal line” 
are activated as displayed arrows. Then, 

the sample is positioned parallel in the 
axial view with rotation of the images 
in the coronal and sagittal views. B. In 
the annotations menu, the user chooses 
“Measure Cube.” C. A shape is drawn 

(5 × 5 × 2 mm) in the axial view, and 
then 5 mm × 5 mm is set for length and 
width and 2 mm for height in the coro-
nal and sagittal views.

A

B

C
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standard deviation values for TBV, BV, Tb.Th, and GV for 
the 30 samples. The results of the Kolmogorov-Smirnov 

test indicated a normal distribution of data. The associa-
tions between variables based on the Pearson correlation 
test and linear regression analysis are shown in Tables 2 
and 3, respectively. The GVs were significantly associ-
ated with TBV (P =0.002), BV (P<0.001), and Tb.Th 

(P<0.001). The correlation coefficients (r) between 
GVs and the 3 histomorphometric measurements (TBV, 
r =0.537; BV, r =0.672; Tb.Th, r =0.692) were also ob-
tained. Based on regression analysis, the relationship be-
tween GVs and BV was characterized by the following for-
mula: GV=9.879+8.642×BV.

Discussion
Despite the many existing studies on the reliability of 

GVs obtained with CBCT, the usefulness of these values 
in determining the bone mineral density (BMD) has been 
questionable. For example, some studies have shown a lin-
ear relationship between GVs and the BMD obtained from 
dual-energy X-ray absorptiometry,18,20,29 and others have 
shown a significant correlation between CBCT and mi-
cro-CT in the evaluation of bone quality.30-32 Recent stud-

Fig. 4. Histological photographs obtained from the experimental animals show the bone tissues including bone marrow spaces (BM), bone 
trabeculae (BT), and adipose tissue (AT) (H&E stain, original magnification × 400).

Table 3. Association between variables using linear regression 
analysis

Variables P-value R R squared

TBV and GVs 0.002 0.537 0.288
BV and GVs 0 0.672 0.452
Tb.Th and GVs 0 0.692 0.479

TBV: total bone volume, BV: bone volume (trabecular bone volume), 
Tb.Th: trabecular thickness, GVs: gray values.

Table 1. Comparison of variables

Variables Number Average Standard 
deviation Minimum Maximum

TBV 30 28.56 11.85 9.22 58.78
BV 30 16.83 9.58 3.78 40.65
Tb.Th 30 3.39 1.89 0.73 8.13
GVs 30 155.30 123.18 -63.37 466.53

TBV: total bone volume, BV: bone volume (trabecular bone volume), Tb.Th: trabecular thickness, GVs: gray values.

Table 2. Association between variables using Pearson correlation 
analysis

TBV BV Tb.Th

GVs Pearson correlation 0.537* 0.672* 0.692*
Sig. (2-tailed) 0.002 P<0.001 P<0.001

TBV: total bone volume, BV: bone volume (trabecular bone volume), 
Tb.Th: trabecular thickness, GVs: gray values.
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ies have indicated a linear relationship between the GVs 
obtained with CBCT and the HUs obtained with CT.2,26,30 
However, different beam geometry, scattered X-rays, and 
the effect of beam hardening on CBCT imaging have been 
shown to cause inconsistent, uncoordinated, and arbitrary 
GVs in CBCT, so these values could not be used to indicate 
the density of bone structures as HU values can be used 
in CT. Many factors affect the GVs obtained from CBCT, 
including variations among devices,33,34 in the dimensions 
of the FOV,27,35,36 and in the position of the object within 
the FOV,37 among others. As previously shown in studies 
utilizing a relatively small FOV, by reducing scattered ra-
diation and resulting artifacts, less noise and more contrast 
are obtained; consequently, the density derived from CBCT 
imagery becomes more reliable with increasing image 
quality.1,2,27 Therefore, in the present study, a medium FOV 

(10 cm ×10 cm) was chosen to allow for the use of the 
smallest possible field by fully displaying the desired im-
age in a single field.

Recent studies have shown that objects in the center 
of the field are less affected by radiation geometry and 
artifacts than those on the outskirts.2,37 The presence of 
external and internal masses has also been found to ad-
versely impact GVs.38 Thus, in this study, the masses in 
the center of the FOV were extracted (i.e., the palate and 
nasal septum). As such, a uniform structure of the bone 
was obtained, and due to the use of animal samples, met-
al artifacts caused by dental restorations were not a con-
cern. The present study obtained acceptable and signifi-
cant associations between GVs and TBV (P = 0.002), BV 

(P<0.001), and Tb.Th (P<0.001). The correlation coef-
ficients between GVs and TBV (r = 0.537), BV (r = 0.672), 
and Tb.Th (r = 0.692) were also determined. As shown, 
the coefficients for BV and Tb.Th are similar. The differ-
ence between these values and the lower coefficient for 
TBV could be due to the presence of various soft tissues 

(red bone marrow, salivary glands, adipose tissue, etc.) in-
side the bone marrow space. Each tissue type has its own 
attenuation coefficient, with adipose tissue having a par-
ticularly low density that could result in a negative tissue 
density reading. Therefore, it seems that more accurate 
GVs are obtained in bone trabeculae with a known and 
uniform density than in those with a non-uniform density.

On a digital radiography image, the density of each pixel 
is directly associated with the atomic number and density 
of the tissue material. Given that soft tissue has a lower 
atomic number and density than hard tissue, the presence 
of scattered radiation could severely impact the final den-

sity value for each pixel of soft tissue; in contrast, the hard 
tissue of bone has a higher atomic number and density, so 
scattered radiation and noise have a smaller effect on the 
total density of hard tissue pixels. Accordingly, the present 
study results show a stronger association between GVs and 
BV than between GVs and TBV.

Another reason for this claim is the large span of GVs, 
which is represented by Romexis software as R (range) and 
includes a wide range of negative to positive numbers. Ro-
mexis software data showed that the examined tissue was 
completely heterogeneous with regard to gray values. The 
correlation coefficient of GVs with Tb.Th confirmed this 
finding (r=0.692 and P<0.001). Trabecular thickness has 
a relatively strong association with GVs. Therefore, CBCT 
is reliable in determining the density of materials, which is 
dependent on their atomic number and density.

In a study by Todisco and Trisi,16 the researchers com-
pared the HUs from CT imagery with histomorphometric 
measurements and found a significant correlation between 
CT HUs and BV (r = 0.691). This coefficient is very simi-
lar to that found in the present study, and given that using 
HUs is an accepted protocol in bone densitometry, using 
GVs may also be reliable in densitometry.

Notably, many studies have included the use of micro- 
CT to evaluate the accuracy of GVs and morphometric 
analysis data, and only a few have compared these values 
with histomorphometric findings. Due to the accessibility 
of histomorphometric analysis, this method was used in the 
present study.

While histomorphometric analysis and micro-CT are 
both gold standards for evaluating bone morphometric 
parameters, it is impossible to observe and evaluate soft 
tissues with micro-CT at the level seen under microscope. 
For example, TBV, which includes bone trabeculae and the 
bone marrow space, cannot be assessed on micro-CT.

Numerous studies have been conducted to examine the 
association between BV/TV (total volume) and GVs. The 
examined volume in the present study was 100 mm3 for all 
samples; therefore, the BV/TV ratio in the present study 
was referred to simply as BV.

Parsa et al.30 found a strong association between GVs and 
BV/TV using micro-CT (r =0.82) in an in vitro study on 
the human cadaver mandible. Moreover, the results indicat-
ed a high correlation between HUs and micro-CT BV/TV 

(r=0.91). The researchers also reported a strong association 
between GVs and HUs. Monje et al.31 found a correlation 
of r=0.769 between GVs and BV/TV in micro-CT, which 
is indicative of a strong association between these variables. 
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A significant association was also present between GVs and 
Tb.Th (r =0.491). Similarly, a strong association between 
GVs and micro-CT BV/TV (r=0.835) was found in a study 
by Wang et al.32 They also found a correlation between GVs 
and Tb.Th (r =0.138). Monje et al.31 studied the posterior 
maxilla, and Wang et al.32 studied the posterior mandible, 
both in humans. In another study, González-García and 
Monje22 obtained correlations between GVs and BV/TV 

(r=0.858) and Tb.Th (r=0.574) in micro-CT.
Given the results of these studies and the present research, 

a strong association between GVs and BV/TV can be in-
ferred. However, the correlation coefficients (r) in the pres-
ent study were slightly lower than in other studies,22,30-32 
perhaps due to different histomorphometric and micro-CT 
methods.

In the present study, the sample was obtained from sheep 
bone, which has larger bone marrow spaces than human 
bone tissue. The histomorphometric analysis indicated a 
mean BV of 16.82%, which was smaller than the values 
found in previous studies. The mean BV/TV values in the 
studies by González-García and Monje,22 Todisco and Tri-
si,16 Parsa et al.,30 and Monje et al.31 were 48.7%, 45.624%, 
32.35%, and 31.42%, respectively. These results indicate a 
low percentage of bone tissue in sheep bone in comparison 
to human samples.

Notably, in most of those prior studies, the bone samples 
were acquired using a 2.0 trephine. The present authors 
have frequently observed that in both human and animal 
samples, using a 2.0 trephine compresses the bony trabec-
ulae, reducing the bone marrow spaces and increasing the 
trabecular density during sampling. Therefore, the present 
animal study was conducted using a larger trephine (8 mm).

In a literature review, Suttapreyasri et al.12 showed a 
strong association between cortical bone thickness and BV/
TV; however, they found no statistically significant asso-
ciation between BV/TV and GVs. A FOV of 40 mm ×40 

mm and a CBCT Accuitomo device (Morita, Kyoto, Japan) 
were used in that study. Corpas Ldos et al.39 did not report 
a correlation between GVs and histomorphometric analysis 
of the peri-implant bone. Apparently, they did not consider 
the issue of implant metal artifacts-which can consider-
ably impact GVs-in that study.

In conclusion, in the present study, a significant correla-
tion was found between GVs and BV. Additionally, the 
results indicate that GV values obtained from CBCT are 
more strongly associated with bone tissue alone than with 
soft tissue in bone marrow spaces considered alongside 
bone.
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