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Evaluation of trabecular bone microstructure 
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Abstract 

Objective  To evaluate the effect of various tube voltage (kV) settings on the accuracy of cone-beam computed 
tomography (CBCT) images in measuring trabecular microstructure and cortical morphology, using micro-CT (μCT) 
as the reference.

Methods  Ten bone samples of sheep mandibles were scanned using both μCT and CBCT at three different tube 
voltage settings (80, 85, and 90 kV). Identical regions of interest (ROIs) on trabecular and cortical bones were analyzed 
in all images. Measurements of trabecular microstructure included bone volume fraction (BV/TV), trabecular thickness 
(Tb.Th) and space (Tb.Sp), while thickness (Ct.Th) and area (Ct.Ar) of cortical bone were measured to determine corti-
cal morphology. Measurements were compared using paired t-test, while agreement between measurements of two 
modalities was assessed using Bland–Altman analysis. One-way ANOVA was used to determine differences in meas-
urements of CBCT images at different kVs (p < 0.01).

Results  Compared to μCT, CBCT overestimated trabecular parameters and Ct.Th but underestimated Ct.Ar, with high 
agreement observed between the methods. Significant differences were found for all measurements except BV/TV 
and Ct.Ar at all kVs. No differences were observed between CBCT measurements at different tube potentials.

Conclusion  The tube voltage of CBCT has minimal impact on the measurement accuracy of most microstructural 
parameters. BV/TV and Ct.Ar measurements may be particularly preferred for bone evaluations using CBCT images.
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Introduction
Alveolar bone is one of the crucial elements that sig-
nificantly contribute to the primary and long-term sta-
bility of dental implants [1]. It was well acknowledged 
that alveolar bone has a complex structure that cannot 
be simply assessed by bone density. Therefore, evalu-
ation of qualitative and quantitative characteristics of 
bone has been recommended for constitution of pri-
mary stability and osseointegration of dental implants 
[2–5]. Planning dental implant therapy and thread design 
requires accurate clinical assessment of bone structure 
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and mechanical properties. The evaluation of trabecular 
bone microstructure and cortical bone morphology is 
essential for the long-term success of dental implants, as 
both types of bone are in direct contact with the implant 
surface. Furthermore, microstructural analysis of alveo-
lar bone is important for the assessment of peri-implant 
bone tissue and bone volume following bone grafting as 
well as the effective diagnosis of peri-implantitis for con-
sidering early treatment options. Micro-architectural 
characteristics of trabecular and cortical bone have been 
thoroughly investigated using bone biopsies, combined 
with calculation of morphometric parameters. However, 
due to its irreversible nature and high acquisition costs, 
histomorphometry has been replaced by reproducible 
radiomorphometric methods for the evaluation of bone 
microstructure. Micro-CT (μCT) is recognized as the 
gold standard for evaluating bone microstructure, as it 
offers both morphometric features and densitometric 
parameters of trabecular and cortical bone. [6] However, 
its in  vivo use is not convenient due to the small scan-
ning area [7–9]. Therefore, several studies recommend 
using high-resolution cone-beam computed tomography 
(CBCT) for quantifying bone microstructure surround-
ing dental implants. While intraoral radiographs are still 
regarded as the main tool for postoperative implant mon-
itoring, current guidelines for the clinical use of CBCT in 
implant dentistry state that assessment of three-dimen-
sional bone healing, including morphological, volumet-
ric, and trabecular remodeling is mandatory [10].

Numerous studies assessing the microstructure of 
alveolar bones have compared the performance of CBCT 
with either μCT or multidetector computed tomography 
(MDCT) [11–13]. There are also many studies exam-
ining the effect of various exposure parameters on the 
performance of CBCT for the determination of bone 
microstructure [14–17]. However, the impact of expo-
sure parameters on microstructure measurements had 
only been assessed in a single study [18]. The authors 
have stated that “results of bone structure analysis would 
be clinically applicable only if the measured values are 
independent of changes in exposure parameters.” [18]. 
The X-ray tube potential is the most significant expo-
sure parameter influencing diagnostic data in CBCT. 
However, there is a lack of knowledge concerning the 
potential impact of tube voltage on CBCT images used to 
evaluate bone microstructure. In addition to the fact that 
the effect of tube voltage has not been studied, the major-
ity of the aforementioned studies have only included the 
microstructure of trabecular bone examinations, but 
studies assessing cortical bone morphology were rare 
[19].

Therefore, the aim of this study was to evaluate the 
effect of different tube voltage settings on the accuracy of 

radiomorphometric measurements of trabecular and cor-
tical bone using CBCT images and to compare them with 
gold-standard measurements of μCT images. The null 
hypothesis is that the change in tube potential of CBCT 
would not alter radiomorphometric measurements.

Materials and methods
Ethical approval and sample size calculations
The study protocol was approved by the University’s 
Local Ethics Committee for Animal Experiments (proto-
col no: 2020–034, approval date: February 26, 2020). The 
study adhered to ethical guidelines for the use of animal 
tissues, and no animals were sacrificed specifically for the 
purposes of this research. Considering the smallest differ-
ence between the groups, the standard deviation, and the 
number of repetitions, the number of necessary measure-
ments was calculated using Cochran’s sample size for-
mula with a confidence level of 99% and 0.06 margin of 
error using a pre-determined variance value (σ = 0.0144) 
from a previous similar study [5]. Even though the result 
of the calculation was a minimum of 27, thirty measure-
ments were done on each set of images to increase statis-
tical power and reliability.

Preparation of bone samples
Sheep mandibles (Ovis aries domesticus) were used 
in this study due to legal restrictions on obtaining dry 
human cadaver skulls. Fresh skulls were procured from 
a certified ovine producer; no animals were sacrificed for 
this investigation. To ensure standardization, mid-sized 
mandibles (14–18 cm in length) from carcasses of Ovis 
aries domesticus weighing 20 to 30 kg were selected.

Ten bone samples, including both trabecular and cor-
tical bone, were obtained from the right and left poste-
rior regions of five sheep mandibles using a bone saw 
and cleared of residual soft tissues (Fig. 1). Similar to the 
method used by He et al., the bone samples of 40 × 80x20 
mm in size were covered with gauze soaked in saline 
solution and stored in a −20°C freezer until further pro-
cessing. Before imaging, all samples were allowed to 
defrost at room temperature for approximately 6 to 8 h. 
[19] In order to provide a reference for measurements 
and to ensure the measurement of identical regions of 
interest (ROIs) with both imaging methods, a horizontal 
guide groove was drilled on the facial surface of all bone 
samples from one end to the other using a round 1.4 mm 
diamond bur (Dentex Dental, New Taipei City, Taiwan). 
To simulate soft tissue, the samples were covered with 
pink wax and then supported with Styrofoam boards for 
stabilization and mounted onto a silicone holder to pre-
vent micromovements during image acquisition (Fig. 1). 
[19] Finally, the samples were scanned with both imag-
ing methods with their occlusal plane parallel to the floor, 
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corresponding to the orientation of a human jaw during 
scanning for implant planning (Fig. 1).

Imaging
μCT images of the bone samples were obtained using 
the μCT50 (SCANCO Medical, Basserdorf, Switzerland), 
at 90 kV and 155 μA, with a voxel size of 20 μm and an 
exposure time of 15 min. For CBCT scanning, bone sam-
ples were located in the center of the 4 × 4 cm FOV of the 
3D Accuitomo 170 CBCT device (J. Morita, Kyoto, Japan) 
and scanned three times with exposure parameters of 4 
mA, 30.8 s, and 80 μm isotropic voxel size using three 
tube voltage settings (80, 85, and 90 kV) respectively.

A total of 40 images of (10 μCT; 30 CBCT) ten bone 
samples were obtained in DICOM file format and con-
verted to 8-bit files for further processing with an image 
analysis software.

Image processing and analysis
All measurements were performed by three oral and 
maxillofacial radiologists on sagittal slices using the same 
flat panel monitor (Philips 275E1S, Philips Electronics 
Nederland B.V. Eindhoven, The Netherlands) in a semi-
dark room. The morphometric measurements were done 
using Java-based image processing software (ImageJ-
National Institutes of Health, Bethesda, Maryland, USA). 
In order to ensure the measurement of identical ROIs and 
accordingly minimize the measurement errors among 
observers, the long axis of all bone images was aligned so 
that the occlusal plane was perpendicular to the floor. For 
further standardization of the measurements, the depth 
of the reference groove and the thickness of the soft-tis-
sue material were used as a guide in order to select the 

corresponding slices. Then, all images were blurred with 
a Gaussian filter (σ = 2) to minimize noise and eliminate 
artifacts. Three interdental bone regions containing both 
trabecular and cortical bone were selected on the image 
of each bone sample. Thus, a total of 120 ROIs (30 μCT, 
90 CBCT) containing both trabecular and cortical bone 
structures were used for measurements.

Morphometric measurements
For the measurement of trabecular bone parameters, 
a 5 × 5 mm square-shaped ROI was cropped 5 mm lin-
gual to the deepest point of the reference groove from 
the interdental spaces of three neighboring posterior 
teeth (Fig. 2a). Ten consecutive slices from μCT and forty 
from CBCT images were used for measurements. Since 
the voxel size of μCT (20 μm) is one-fourth of CBCT 
(80 μm), four times more slices were used for CBCT to 
ensure that the measurements were done on matching 
ROIs for both image types. Before all measurements, all 
ROIs of both μCT and CBCT images were segmented to 
create binary images using the same software. Measure-
ments of trabecular microstructure included bone vol-
ume fraction (BV/TV), trabecular thickness (Tb.Th) and 
space (Tb.Sp), while thickness (Ct.Th) and area (Ct.Ar) of 
cortical bone were measured to determine cortical mor-
phology. These measurements were done using the BoneJ 
and Area Fraction plugins of ImageJ software (Table  1). 
While some of these morphometric parameters were lin-
ear measurements (Tb.Th, Tb.Sp and Ct.Th), others were 
either area (Ct.Ar) or proportional (BV/TV) measure-
ments determining the structure of selected bone. The 
definition of the measurement parameters as well as the 
measurement steps using can be followed in Table 1.

Fig. 1  Image of sheep mandibles prior to CBCT and micro-CT imaging demonstrating horizontal guide groove, pink wax for soft-tissue simulation, 
and styrofoam boards mounted onto a silicon holder for stabilization
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For measurements of trabecular bone parameters, the 
method of Panmakiate et  al. was used, and the selected 
ROI was binarized using the ‘Image > Adjust > Threshold’ 
commands to extract the trabecular bone in each ROI 
(Fig.  2b) [20]. Thereafter, for all ROIs, three trabecular 
bone measurements were done including bone volume 
fraction (BV/TV), trabecular thickness (Tb.Th) and tra-
becular separation (Tb.Sp) using the BoneJ plug-in of 
the software [21]. Since ImageJ can only analyze fore-
ground black pixels in a binary image, BV/TV and Tb.Th 
were calculated using binary images where bone regions 

were represented by black pixels. Conversely, to measure 
Tb.Sp, binary images were used where black pixels repre-
sented bone marrow. The BV/TV of trabecular ROIs was 
determined using the Area Fraction plugin, which cal-
culates the percentage of pixels representing trabecular 
bone relative to the total bone volume. Tb.Th and Tb.Sp 
were measured using the Thickness feature of the BoneJ 
plugin in ImageJ for both μCT and CBCT.

In order to minimize the margin of measurement 
errors, the long axes of the cortical bone in the sagittal 
images were aligned perpendicular to the floor using the 

Fig. 2  Pre-processing of the image sections before morphometric measurements. a alignment of image sections, and their subsequent matching 
(b) creation of regions of interest (ROIs) for trabecular measurements and binarization (c) Selection of ROIs for cortical measurements

Table 1  Definitions and measurement steps of radiomorphometric parameters using ImageJ software

Abbreviations: BV/TV Bone Volume Fraction, Tb.Th Trabecular Thickness, Tb.Sp Trabecular Separation, Ct.Th Cortical Thickness, Ct.Ar Cortical Area

Parameters Abbreviation Definition Measurement steps

Bone volume fraction BV/TV The proportion of bone volume to the total volume 
within the region of interest (ROI)

Binarized ROI was analyzed using the Area Fraction 
plugin

Trabecular thickness Tb.Th The mean thickness of individual trabeculae 
within the selected region

Binarized ROI was analyzed using the Thickness feature 
of the BoneJ plugin

Trabecular separation Tb.Sp The mean distance between adjacent trabeculae 
in the selected region

Binarized ROI was analyzed using the Thickness feature 
of the BoneJ plugin

Cortical area Ct.Ar The area of the cortical bone in the selected region Measured using the ‘Slice Geometry’ command in BoneJ, 
focusing on the upper border of the reference groove

Cortical thickness Ct.Th The average thickness of the cortical bone in the ana-
lyzed region

Measured using the ‘Slice Geometry’ command of BoneJ 
after aligning the cortical bone axis perpendicular 
to the floor
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‘Plugins > BoneJ > Moments of Inertia’ commands before 
the measurement of cortical bone parameters. Cortical 
area (Ct.Ar) and thickness (Ct.Th) were then measured 
on 120 ROIs using the ‘Slice Geometry’ command of the 
software corresponding to the upper border of the refer-
ence groove (Fig. 2c) [21, 22].

Statistical analysis
Statistical analysis was performed using the IBM SPSS 
Statistics 22 package (SPSS version 22.0, SPSS Inc. Chi-
cago, IL, USA). The mean and standard deviations (SD) 
of all measurements were calculated for μCT and CBCT 
images at 3 different tube voltage settings. Differences 
between the CBCT measurements obtained with three 
different tube voltages were compared using a one-way 
analysis of variance (ANOVA). The normality of the data 
was evaluated using the Kolmogorov–Smirnov test. After 
confirmation of the normal distribution of the data, a 
paired t-test was used for the pairwise comparisons of 
measurements from CBCT and μCT images. The signifi-
cance level for all statistical tests was set as p = 0.01.

The level of agreement between the measurements of 
CBCT and μCT, was determined using Bland–Altman 
plots. To assess inter-observer reliability, each of the 10 
randomly selected interdental regions was measured 
twice at two-week intervals on both μCT and CBCT 
images for all tube voltage settings. The reliability was 
evaluated using the inter-class correlation coefficient 
(ICC), following the grading scale proposed by Koo and 
Li (2016) [23].

Results
The means and standard deviations (SDs) of both tra-
becular and cortical bone measurements are presented in 
Table 2. In general, all the trabecular bone measurements 

were considerably similar at all three kV settings for 
CBCT images and identical for BV/TV (Table 2).

The BV/TV, Tb.Th and Tb.Sp measured on CBCT 
images were relatively higher than those of μCT meas-
urements. While Tb.Th measurements showed a minor 
increasing trend as tube voltage raised from 80 to 90, 
measurements of Tb.Sp showed a slight decrease when 
kV was increased from 85 to 90 (Table 2).

The cortical area (Ct.Ar) measurements were lower for 
CBCT images obtained at 80 and 85 kV, but higher at 90 
kV as compared to μCT measurements. Cortical thick-
ness (Ct.Th) as measured on CBCT images was higher 
than μCT measurements at all tube voltage settings 
(Table 2).

No difference was found between μCT and CBCT 
measurements obtained with 3 different tube voltage 
settings for BV/TV and Ct.Ar (p > 0.01, Table  3). How-
ever, the differences between μCT and CBCT for Tb.Th, 
Tb.Sp and Ct.Th measurements were significant for all 
kVs (p < 0.01, Table 2). Similarly, no significant difference 
was obtained among the measurements of CBCT images 
generated at 80, 85, and 90 kV for bone parameters meas-
ured in this study (Table 3).

The Bland–Altman plots revealed that CBCT measure-
ments obtained with different tube voltages for all mor-
phometric measurements were around the mean and 
within the 95% limits of agreement (Table 4).

Measurements including BV/TV, Tb.Th, and Tb.Sp for 
trabecular bone as well as Ct.Ar measurement for corti-
cal bone plots showed a similar distribution throughout 
the graph. However, there was an upward trend for Ct.Th 
measurements in Bland–Altman plots indicating that as 
the mean difference between measurements of the two 
methods increased, the bias between the imaging modal-
ities increased as well (Fig. 3).

Table 2  Measurements of trabecular and cortical bone on CBCT images acquired at three (80,85,90) tube voltage settings

μCT micro-CT, CBCT cone beam computer tomography, SD standard deviation, BV/TV bone volume fraction, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Ct.
Ar cortical area, Ct.Th cortical thickness

μCT CBCT

90 kV 80 kV 85 kV 90 kV

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Trabecular measurements
  BV/TV (%) 40 ± 13 42 ± 13 42 ± 14 42 ± 12

  Tb.Th (mm) 0.65 ± 0.35 1.06 ± 0.36 1.07 ± 0.34 1.08 ± 0.37

  Tb.Sp (mm) 0.94 ± 0.57 1.35 ± 0.55 1.45 ± 0.65 1.42 ± 0.58

Cortical measurements
  Ct.Ar (mm2) 9425.53 ± 2011.38 9401.90 ± 2042.81 9407.17 ± 2033.61 9440.63 ± 2027.65

  Ct.Th (mm) 1.71 ± 0.47 2.13 ± 0.48 2.16 ± 0.49 2.15 ± 0.47
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Interobserver reliability was excellent, ranging from 
0.91 to 0.97 for μCT and 0.92 to 0.97 for CBCT. ICC 
scores for CBCT were generally greater than or equal to 
μCT scores for all measurements (Table 5).

Discussion
The amount and quality of alveolar bone are of para-
mount importance for implant planning, evaluation of 
regeneration of intra-bony defects, orthodontic tooth 
movement, as well as evaluation of the effect of differ-
ent types of medications on bone [2, 3, 24]. Many studies 
have evaluated the effect of tube current as well as vari-
ous FOV & voxel sizes on the micromorphometric meas-
urements of trabecular bone. [16, 18, 25] However, the 
effect of tube voltage on micromorphometric measure-
ments using CBCT has been previously evaluated in con-
junction with milliampere, but not alone and exclusively 
for trabecular bone [18].

The optimal kV value for a specific diagnostic task has 
not yet been determined; however, a recent study on den-
tal CBCT scanners found that the maximum tube volt-
age, ranging from 70 to 90  kV, provided the optimum 
balance between technical image quality, radiation dose, 
and reduced noise. [26] Tube potentials used in this study 
were selected based on their widespread use in clinical 
practice and according to the recommendations regard-
ing the optimum clinical assessment of bone structures 
for implant planning, ensuring optimal image quality 
while maximizing contrast of the image data. [26–28].

In contemporary bone research, a variety of animal 
models are employed due to challenges in acquiring 
desiccated human mandible specimens and adhering to 
ethical guidelines [29–31]. Sheep and bovine mandibles 
are commonly favored models, particularly in radiomor-
phometric studies, contingent upon gantry size. At the 
microscopic level, sheep present a mainly primary bone 
structure in contrast to the predominantly secondary one 
in humans [32]. Although sheep lack secondary osteons, 
they were generally proved to be a good model mimick-
ing human bone biology and healing, plus biomechanical 
behavior observed in human mandibles [32–36]. Accord-
ingly, sheep mandibles were used in the present study 
due to their similarity to human mandibular bone tissue 

Table 3  Comparison of measurements from μCT and CBCT images acquired at three different voltage settings

μCT micro-CT, CBCT cone beam computer tomography; volume, BV/TV bone volume fraction, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Ct.Ar cortical 
area, Ct.Th cortical thickness
* Statistical significance (p < 0.01)
a Paired T-tests
b ANOVA

Trabecular measurements Cortical measurements

BV/TV (%) Tb.Th (mm) Tb.Sp (mm) Ct.Ar (mm2) Ct.Th (mm)

μCT—CBCT80
a 0.3111  < 0.0001*  < 0.0001* 0.9626  < 0.0001*

μCT—CBCT85
a 0.2110  < 0.0001*  < 0.0001* 0.7302  < 0.0001*

μCT—CBCT90
a 0.2272  < 0.0001*  < 0.0001* 0.8372  < 0.0001*

CBCT80–85−90
b 0.976 0.972 0.793 0.998 0.970

Table 4  Mean differences and 95% limits of agreement between 
measurements obtained with μCT and CBCT images at different 
tube voltage settings

μCT micro-CT, CBCT cone beam computer tomography, SD standard deviation, 
BV/TV bone volume fraction, Tb.Th trabecular thickness, Tb.Sp trabecular 
separation, Ct.Ar cortical area, Ct.Th cortical thickness
* Statistical significance (p < 0.01)

Mean 
difference ± standard 
deviation

Limits of 
agreement (95%)

p-value

Lower Upper

Trabecular measurements
  BV/TV (%)
  μCT-CBCT80 −2.16 ± 11.51 −24.72 20.40 0.3111

  μCT-CBCT85 −2.83 ± 12.13 −26.60 20.40 0.2110

  μCT-CBCT90 −2.33 ± 9.91 −21.75 17.09 0.2272

  Tb.Th (mm)
  μCT-CBCT80 −0.41 ± 0.05 −0.93 0.11  < 0.0001*

  μCT-CBCT85 −0.41 ± 0.05 −0.94 0.11  < 0.0001*

  μCT-CBCT90 −0.43 ± 0.05 −0.93 0.07  < 0.0001*

  Tb.Sp (mm)
  μCT-CBCT80 −0.40 ± 0.12 −1.65 0.83  < 0.0001*

  μCT-CBCT85 −0.51 ± 0.11 −1.66 0.64  < 0.0001*

  μCT-CBCT90 −0.43 ± 0.11 −1.65 0.69  < 0.0001*

Cortical measurements
  Ct.Ar (mm2)
  μCT-CBCT80 −5.26 ± 111.23 −1199 1188 0.9626

  μCT-CBCT85 −38.73 ± 111.22 −1232.74 1155.27 0.7302

  μCT-CBCT90 −23.63 ± 113.98 −1247.33 1200.06 0.8372

  Ct.Th (mm)
  μCT-CBCT80 −0.42 ± 0.07 −1.16 0.31 < 0.0001*

  μCT-CBCT85 −0.45 ± 0.08 −1.26 0.35 < 0.0001*

  μCT-CBCT90 −0.44 ± 0.07 −1.21 0.33 < 0.0001*
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Fig. 3  Representative Bland–Altman plots demonstrating the agreement between μCT and CBCT at the kV settings showing the highest 
agreement for trabecular bone parameters: BV/TV at 85 kV (a); Tb.Th at 90 kV (b); Tb.Sp at 85 kV (c); and cortical bone parameters Ct.Ar (d) and Ct.
Th (e) at 85 kV. X-axis of the graphs represents the mean of μCT and CBCT measurements, while y-axis represents the difference in measurements 
of μCT and CBCT at the given tube voltage. The solid line parallel to the x-axis indicates the mean difference, the line parallel to the y-axis represents 
the 95% confidence interval for the mean difference, and the dashed lines indicate the lower and upper limits of agreement within ± 95% 
confidence intervals. Abbreviations: μCT, micro-CT; CBCT, cone beam computed tomography; SD, standard deviation; BV/TV, bone volume fraction; 
Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Ct.Ar, cortical area; Ct.Th, cortical thickness
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and to their particular convenience in micro-CT expo-
sures. [29, 30].

The findings of the present study revealed that CBCT 
measurements overestimated all of the measured param-
eters but underestimated Ct.Ar measurements as com-
pared to μCT at all tube voltage settings. This may be due 
to the lower resolution of CBCT images since it has been 
already proved that decreasing the resolution of μCT 
images similarly resulted in overestimation of BV/TV, 
Tb.Sp and Tb.Th measurements [37]. Bone trabeculae 
thinner than image resolution were smeared out, result-
ing in an increase in Tb.Th and consequently in Tb.Sp. 
It is well known that the spatial resolution of images 
has been crucial for correct structural analysis of bone 
microstructure and particularly for measurements of 
Tb.Th, which has been proved to require high resolution 
for accurate measurements [37]. The results obtained for 
Ct.Th measurements in this study support this assump-
tion as well; however, more studies evaluating the cortical 
bone are needed to justify its validity.

A significant difference was obtained between meas-
urements of μCT and CBCT, except for BV/TV and 
Ct.Ar for all tube voltage settings. BV/TV, expressed as 
the trabecular bone volume (BV) relative to tissue volume 
(TV) in percentage, is a key indicator of bone gain and 
loss and is widely used to evaluate pathologies that affect 
bone turnover. Recognized as one of the most critical 
histomorphometric parameters, BV/TV also has a strong 
association with mechanical properties, underscoring 
its importance in assessing structural integrity [38]. Our 
results demonstrated that the measurements of BV/TV 
were overestimated in CBCT; however, in accordance 
with our null hypothesis, not affected by change in tube 
voltage. Moreover, Bland–Altman plots revealed that dif-
ferences between CBCT and μCT were minimal (−2.00/

μm), suggesting a strong agreement between measure-
ments of these two imaging methods for BV/TV. The 
negative bias value in the Bland–Altman plot indicates 
the higher measurement values of CBCT. However, the 
small range of confidence interval indicating high stabil-
ity between the measurements of two imaging modalities 
(min 0.17 / max −0.27) for all kVs, supports the agree-
ment of BV/TV measurements of CBCT and μCT. These 
results indicate that regardless of the change in tube volt-
age BV/TV measured on CBCT images can be a reliable 
parameter for the determination of trabecular micro-
structure, and CBCT can be safely used as an alterna-
tive to μCT. This finding is in accordance with previous 
reports demonstrating the accuracy of BV/TV obtained 
from CBCT in evaluating the microstructure of trabecu-
lar bone [5]. However, it should be remembered that the 
present study used the smallest FOV and voxel size (0.08 
mm) during CBCT scanning in order to obtain high-res-
olution images and that the results might vary depend-
ing on the CBCT device and other exposure parameters. 
Another crucial factor is that the patient’s movement 
largely impairs image quality during CBCT scan. The 
ex  vivo nature of this study might have contributed to 
the quality of the CBCT images since they did not suffer 
from movement artifacts.

It has been well acknowledged that gray scale values 
measured by CBCT are not a reliable indicator of bone 
density, and trabecular bone microstructure should be 
considered as part of the pre-surgical bone evaluation 
before dental implant treatment [39]. Trabecular bone 
microstructure signifies bone strength; aids bone heal-
ing and implant retention and accordingly affects the 
long-term success of dental implants. In order to evalu-
ate bone quality and to choose the most optimal surgi-
cal protocol prior to dental implant treatment, trabecular 
microstructural assessment is mandatory for elucidating 
bone strength [40]. The most commonly recommended 
microstructural parameters for the determination of 
bone strength include Tb.Th and Tb,Sp, which are also 
crucial determinants of bone fragility [41]. Many stud-
ies have revealed a strong agreement between measure-
ments of μCT and CBCT for Tb.Th and Tb.Sp. According 
to our results, measurements of Tb.Th and Tb.Sp were 
significantly higher in CBCT as compared to μCT. 
However, the Tb.Th and Tb.Sp measurements of CBCT 
images were about two-thirds higher than those on the 
μCT measurements for all tube voltages. These findings 
are consistent with the results of studies comparing vari-
ous imaging modalities for the assessment of bone struc-
ture. [42, 43] The discrepancy between measurements 
of two imaging systems is directly linked to the partial 
volume artefacts leading to volume overestimation and 
therefore higher CBCT measurements [44]. Another 

Table 5  Intra-class correlation coefficients (ICC) of μCT and 
CBCT measurements

ICC Intra-class correlation coefficients, μCT micro-CT, CBCT cone beam computer 
tomography, BV/TV bone volume fraction, Tb.Th trabecular thickness, Tb.Sp 
trabecular separation, Ct.Ar cortical area, Ct.Th cortical thickness

ICC

μCT CBCT

80 kV 85 kV 90 kV

Trabecular measurements
  BV/TV 0.97 0.96 0.96 0.95

  Tb.Th 0.92 0.93 0.94 0.92

  Tb.Sp 0.91 0.92 0.92 0.93

Cortical measurements
  Ct.Ar 0.96 0.97 0.96 0.97

  Ct.Th 0.95 0.96 0.96 0.95
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reason may be the larger voxel size of the CBCT images. 
It has been demonstrated that thin trabecula is poorly 
detected in low-resolution images, causing an increase 
in Tb.Th and Tb.Sp measurements [45]. Nevertheless, it 
should be remembered that spatial resolution, indicated 
as voxel size is not the single factor contributing to the 
image quality of an imaging system. Contrast-to-noise 
ratio (CNR) also plays a significant role on the image 
quality and the delineation of delicate trabeculae, thus 
affecting measurement accuracy. It has been advocated 
that with sufficiently high CNR, thin trabeculae can be 
depicted even when the trabecular thickness exceeds the 
nominal voxel size [46].

Ct.Ar measurements are considered to be of critical 
importance for the determination of osteoporosis, as well 
as its role in the distribution of lateral and oblique forces 
reaching the implant surface. In addition, it has been 
used for evaluating the treatment efficacy of various anti-
resorptive drugs. Our results revealed although Ct.Ar 
measurements obtained with CBCT were lower than 
μCT, no significant difference could be found between 
measurements of the two imaging modalities. In fact, 
Bland–Altman plots demonstrated strong agreement 
supporting our null hypothesis that morphometric meas-
urements were not affected from change in tube volt-
age. Contrary to the measurements obtained for Ct.Ar, 
our results demonstrated higher Ct.Th values for CBCT 
as compared to that of μCT. In addition, the difference 
between the measurements of the two methods was sig-
nificant for Ct.Th measurements. It has been established 
that CBCT images have a higher background noise than 
μCT, which is produced by the reconstruction algorithms 
used to create the CBCT image as well as higher amount 
of scatter [47]. Due to the combined effects of lower sig-
nal-to-noise ratio, reduced contrast, beam-hardening, 
and edge-aliasing artifacts of CBCT images, discrepan-
cies arise, particularly in thickness measurements. This is 
an expected finding since it has been proved that maxi-
mum deviations are observed at the measurements that 
involve margins and edges as in Ct.Th measurements 
[48]. Greater voxel size of the CBCT images has further 
contributed to the differences in Ct.Th measurements of 
the two imaging methods because measurement preci-
sion is closely related to voxel size [49].

Ct.Th has been identified as one of the critical param-
eters influencing primary stability as well as micromo-
tion (displacement between implant and bone) and the 
success of osseointegration [50]. Given that the radiation 
exposure to biological tissues should be as low as pos-
sible, clinical CBCT images would contain more noise 
and have lower resolution and accordingly may cause 
higher deviation in thickness measurements. Therefore, 
it is advisable to keep a greater margin of safety for bone 

thickness measurements during implant planning with 
CBCT images.

The increase in tube voltage is assumed to influence 
the assessment of bone architecture, as both the signal-
to-noise ratio and scatter are augmented by the elevated 
energy levels of the X-ray beam [51]. However, our results 
accepted our null hypothesis and demonstrated that the 
change in tube voltage of CBCT did not alter micromor-
phometric measurements of both trabecular and corti-
cal bones. This finding is consistent with the findings of 
a previous study, in which the tube voltage had no effect 
on bone structure assessment. [18] Moreover, previous 
research has suggested that changing tube potential from 
80 to 90 in adult patients can result dose reduction of 19% 
to 24.6%. [27, 52] Since the change in tube voltage has no 
effect on micromorphometric measurements of both tra-
becular and cortical bones, CBCT images obtained at 80 
kV may be recommended to evaluate bone structure for 
implant planning to balance image quality while limiting 
the dose to the patient.

Many studies have compared the reliability and accu-
racy of CBCT measurements with those of μCT for the 
microstructural analysis of alveolar bones. According to 
the previous results, the two methods exhibited differ-
ent levels of agreement [15, 40, 53]. Nevertheless, most 
of these studies have used correlation analysis to show 
the agreement between the measured variables. How-
ever, correlation and agreement are not synonymous. 
While correlation shows the presence of a relationship 
between two variables, agreement determines the con-
cordance between two measurements of a single variable 
[54]. Therefore, the use of Bland–Altman plots providing 
measurement bias within 95% agreement between two 
imaging methods is one of the major strengths of this 
study verifying the accuracy of our findings.

To the best of our knowledge, this is the first study 
solely comparing the effect of tube potential on the accu-
racy of morphometric measurements of CBCT and μCT 
images, including the evaluation of both trabecular and 
cortical bones. However, a few limitations of the study 
should be considered before drawing further conclu-
sions. Despite similarities in the trabecular architecture 
of human and ovine mandibles, the differences in bone 
density and cortical thickness of the two groups raise 
questions about the findings’ applicability to human 
mandibles. Therefore, future in  vivo human studies are 
necessary to validate the presented results and their clini-
cal extrapolation. Moreover, although modeling wax and 
low-density foam boards were used to simulate soft tis-
sue during scanning, it is already known that these do not 
fully mimic in  vivo conditions. It should be noted that 
the use of simulation materials might cause differences 
in attenuation and scatter, which may have an impact 
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on image quality and measurement accuracy. Therefore, 
the effect of soft tissue, other anatomical structures and 
any potential movement during scanning were not in 
consideration resulting in clearer images with fewer arti-
facts. Furthermore, the measurement outcomes are spe-
cific to the CBCT system used in the present study and 
therefore, it is possible that the results may vary with 
devices from different manufacturers, models, and voxel 
resolutions.

It is essential to optimize the exposure protocols by 
adhering to the ALARA (As Low As Reasonably Achiev-
able) principle, taking all relevant exposure factors into 
account. Even though the current study evaluated the 
effect of only tube voltage, our results may provide strong 
insights for adjusting imaging protocols for trabecular 
and cortical bone evaluations prior to dental implant 
surgery. The effect of tube voltage on image quality and 
radiation dose in CBCT is multifactorial. The optimal 
tube voltage for CBCT imaging of the hard tissues of 
the dento-maxillofacial region is still debatable and to 
some extent, specific for each CBCT device, depending 
on factors other than total filtration and other sources of 
noise besides scatter and quantum noise. However, the 
optimization approach and general findings of this study 
are universally applicable. [27] The fact that reducing the 
tube voltage of CBCT has no effect on morphometric 
measurements may allow us to choose the lowest possi-
ble voltage which may further provide advantages such 
as reduction of x-ray scatter, resulting in higher image 
quality, thereby enhancing the reliability of bone meas-
urements. However, further clinical validation of the 
proposed exposure protocol, including the effect of other 
exposure parameters, is necessary.

Conclusions
Our null hypothesis was accepted since the present find-
ings demonstrated that adjusting the tube voltage from 
80 to 90 did not cause any significant change in the 
measurements of trabecular or cortical bone param-
eters. Therefore, it may be reasonable to suggest the use 
of CBCT images obtained with 80 kV for the assessment 
of bone microstructure before implant surgery and dur-
ing the bone-healing phase to minimize the dose to the 
patient without compromising any morphometric meas-
urements. Due to the fact that no difference was found 
between measurements of μCT and CBCT for BV/TV 
and Ct.Ar, these parameters may be preferred in clinical 
settings to evaluate the bone quality using CBCT images 
to predict long-term implant stability and bone strength 
after jawbone surgery. Nevertheless, given the limitations 
of this study and the variability among CBCT systems, 
future human studies using in vivo images obtained with 

different CBCT devices are necessary to validate these 
results.
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