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Abstract

Background/Objectives: Zygomatic implants are commonly used to rehabilitate atrophic
maxillae and maxillary defects, offering quicker prosthesis placement than bone grafting,
but their placement requires technical precision due to the complexity of the zygomatic
region. Trabecular bone quality is a key determinant of implant stability, yet data on the
zygomatic bone’s microarchitecture remain limited. This study aimed to evaluate and
compare trabecular bone microarchitectural features of the zygomatic bone with three
reference sites (first molar region, mandibular condyle, and angle of mandible) using cone
beam computed tomography (CBCT). Methods: This retrospective cross-sectional study
screened 847 archived CBCT scans from the Ankara University Faculty of Dentistry, of
which 99 systemically healthy patients aged 20-30 years were included. Trabecular bone
microstructural parameters, including tissue volume, bone volume, percent bone volume,
trabecular thickness, trabecular number, trabecular separation, and fractal dimension,
were assessed using CTAn software at the zygomatic bone, first molar region, mandibular
condyle, and angle of mandible. Results: The zygomatic bone exhibited significantly
higher tissue and bone volumes than the other regions but lower percent bone volume
and trabecular number; trabecular thickness and separation were greatest in the zygomatic
bone, while fractal dimension values were lowest. When pooled across the four regions,
significant right-left differences were also observed, with higher tissue volume and pore
space on the right side. Conclusions: These findings provide baseline reference data on the
zygomatic bone’s trabecular structure in a young, systemically healthy population. Further
clinical studies in patient groups more representative of typical zygomatic implant candi-
dates, including both older individuals with age-related maxillary atrophy and younger
patients with trauma- or pathology-related bone loss, are needed to confirm the relevance
of these findings to implant predictability and safety.

Keywords: zygomatic implants; trabecular bone; cone beam computed tomography;
microarchitecture

1. Introduction

Zygomatic implants have been used for many years for the restoration of atrophic
maxilla and repair of congenital and acquired deficiencies in the maxillary region [1]. When
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placing the zygomatic implant, it is placed in the trabecular part of the zygomatic bone,
starting from the first molar region. Treatment of severe maxillary atrophy with zygomatic
implants provides an advantage over bone grafting, where the time to prosthesis is signifi-
cantly longer, by allowing immediate temporary prosthesis within 24 h after surgery [2,3].
However, they are longer than traditional intrabone implants and require technical pre-
cision as they are applied to areas where surgical vision is limited [4]. In addition, since
incorrect angles may pose a risk of perforation in the infratemporal fossa or orbital floor,
grafting is still considered the gold standard today [2,5]. In reconstructive oral and max-
illofacial surgery, bone grafts are commonly harvested from the ileum, ribs, calvaria, and
intraoral sites. The use of local donor areas offers significant advantages, including easier
surgical access, reduced anesthesia duration, and shorter operation time. Among intraoral
donor sites, the mandibular ramus is frequently selected due to its lower risk of postop-
erative complications [6,7]. In order for the implants placed by these two methods to be
considered successful, implant stability must be ensured [8].

Primary stability is the stability seen as a result of the mechanical grip of the sur-
rounding bone tissue at the moment the implant is placed. It is stated that it is necessary
for the osseointegration of the implant and its long-term success [9,10]. The higher the
primary stability, the less mobility of the implant relative to the surrounding bone. Thus,
direct bone healing and osseointegration can occur, and the implant survival rate in-
creases. The main factors affecting primary stability are implant design, bone condition,
and surgical techniques [11]. Dental implants are in contact with the trabecular part of the
bone, so examining the microarchitecture of the trabecular bone before the implant is an
important component [12].

Cone beam computed tomography (CBCT) is frequently used to evaluate changes
in trabecular bone microarchitecture [13]. CBCT offers many advantages such as lower
radiation doses, shorter acquisition times, high resolution, and affordability [12].

This study aims to evaluate and compare trabecular bone microarchitectural features
with CBCT, focusing on anatomical points important in zygomatic implants and the angle
of mandible, a representative measurement site within the mandibular ramus donor region.

2. Materials and Methods

This cross-sectional study was conducted retrospectively on CBCT images retrieved
from the archive of Ankara University Faculty of Dentistry, Department of Dentomaxillofa-
cial Radiology. Archived CBCT examinations performed between 24 September 2014 and
24 March 2022 were considered for inclusion. Ethical approval was obtained through the
Near East University Faculty of Dentistry Ethics Committee review board, in accordance
with the collaborative arrangement between the study institutions, which approved the
study protocol (protocol number YDU /2024 /126-1869). All the study participants provided
written informed consent. A total of 847 CBCT scans of patients aged 20 to 30 years were
initially screened; after applying the inclusion and exclusion criteria below, 99 patients
(48 males, 51 females) were included in the final study sample. Of the 748 excluded scans,
628 were excluded because the anatomical regions required for this study were not fully
captured within the field of view, 68 were excluded on the basis of the pathological (cystic
or tumoral), post-surgical (prior surgery in the regions of interest), or syndromic cranio-
facial exclusion criteria described below, and 52 were excluded because of a missing or
atypically formed mandibular first molar tooth. An a priori sample size calculation was
performed in R (version 4.3.3; R Core Team, Vienna, Austria), based on the noncentral
F-distribution for a one-way repeated-measures ANOVA with four repeated conditions
(the four anatomical regions used for the region comparisons), assuming a conservative
effect size (Cohen’s f = 0.17), « = 0.05, and power = 0.80; this indicated that a minimum of
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96 patients would be required, and the final sample of 99 patients satisfied this requirement.
Eligible CBCT scans were reviewed sequentially and had originally been acquired for a
range of clinical indications, most commonly evaluation of third molar (wisdom tooth)
position and dental implant treatment planning; a scan was selected for inclusion when all
anatomical regions required for this study were fully captured within the field of view, irre-
spective of the original indication for imaging. Each included patient contributed a single
CBCT scan, and scan eligibility and selection were performed jointly by two experienced
examiners (E.K. and 1.O.).

2.1. Inclusion Criteria

Systemically healthy male and female patients aged 20-30 years. CBCT scans were cap-
tured with a Planmeca ProMax 3D Max Pro Face model (Helsinki, Finland), 23.0 x 17.0 cm
field of view (FoV), with exposure settings of 96 kV, 10 mA, and 0.4 mm voxel size. All
CBCT examinations included in this study were acquired using this same device and a
standardized imaging protocol throughout the study period.

2.2. Exclusion Criteria

Patients with cysts or tumor pathologies in the bone in the area where the measure-
ments were made, patients who underwent surgery in the area where the measurements
were made, and syndromic cases that systemically affected the craniofacial region were not
included. Patients with a missing or atypically formed mandibular first molar tooth in the
region of interest were also excluded.

Zygomatic bone, first molar tooth region, mandibular condyle, and angle of mandible
were evaluated with CBCT. The first molar region, mandibular condyle, and angle of
mandible were selected as comparator sites because they represent anatomically consistent,
readily identifiable landmarks that can be reliably delineated on CBCT across patients;
in addition, the mandibular ramus region, represented here by the angle of mandible, is
an established intraoral donor site for autogenous bone grafting, allowing the zygomatic
trabecular structure to be compared with a region of recognized surgical relevance, the
first molar region corresponds to the starting point of the zygomatic implant trajectory, and
the mandibular condyle was included as a comparator site subjected to a functional loading
environment distinct from masticatory occlusal forces (temporomandibular joint biome-
chanics), providing an additional physiological reference point against which the trabecular
architecture of the implant-related sites could be contrasted. The first molar region was
defined as the trabecular bone extending from the apex of the mandibular first molar tooth
to the adjacent cortical (basal) bone boundary. Volume images of the patients were trans-
ferred to CTAn software (version 1.18.4.0+, Bruker microCT, Kontich, Belgium) to evaluate
the trabecular bone microstructure. For each patient, a two-dimensional region of interest
(ROI) was manually delineated on each individual axial slice using the polygon selection
tool, with the largest possible area that could be placed entirely within the trabecular bone
without extending into the cortical boundary selected on each slice, as illustrated for a
single representative slice in Figures 1-4; the resulting volume of interest (VOI) dimensions
therefore varied between anatomical regions according to local bone morphology; for
a given anatomical region, the same anatomical landmarks and equivalent starting and
ending slice levels were used consistently across patients and between the right and left
sides. Because absolute VOI size differed among the four regions, both size-dependent
(absolute) parameters, namely tissue volume, bone volume, and total pore volume, and
size-independent (relative) parameters, namely percent bone volume (BV /TV), structure
model index, trabecular thickness, trabecular number, trabecular separation, fractal di-
mension, and total porosity percentage, were reported and analyzed in parallel, allowing
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regional comparisons of trabecular microarchitecture to be interpreted independently of
the absolute VOI size used at each site. The number of consecutive axial slices included
in the analysis varied according to anatomical size, averaging approximately 15 for the
zygomatic bone, 15 for the first molar region, 25 for the mandibular condyle, and 15 for the
angle of mandible. The ROIs delineated across consecutive slices were merged through
interpolation to obtain the three-dimensional VOI analyzed for each region. All measure-
ments were performed by a single examiner (E.K.), who received calibration training under
the supervision of a senior investigator (K.O.) at the start of the study. The following 3D
microstructural parameters were calculated for each patient: tissue volume (TV); bone
volume (BV); percent bone volume (BV/TV, the ratio of the segmented trabecular bone
volume to the total volume of the trabecular volume of interest); structure model index
(SM, an indicator of trabecular structure, equal to 0 for parallel plates and 3 for cylindri-
cal rods); trabecular thickness (Tb.Th, mean thickness of trabeculae); trabecular number
(Tb.N, average number of trabeculae per millimeter); trabecular separation (Tb.Sp, mean
distance between trabeculae); fractal dimension; total volume of pore space; and total
porosity percentage.

. .

Figure 1. Representative workflow for trabecular bone analysis at the zygomatic bone. (A) Raw

image; (B) region of interest selection; (C) binary segmentation; (D) morphometric analysis output.

Figure 2. Representative workflow for trabecular bone analysis at the first molar region. (A) Raw

image; (B) region of interest selection; (C) binary segmentation; (D) morphometric analysis output.

Figure 3. Representative workflow for trabecular bone analysis at the mandibular condyle. (A) Raw

image; (B) region of interest selection; (C) binary segmentation; (D) morphometric analysis output.

Figure 4. Representative workflow for trabecular bone analysis at the angle of the mandible. (A) Raw

image; (B) region of interest selection; (C) binary segmentation; (D) morphometric analysis output.
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All parameters listed above except fractal dimension were calculated automatically
by the CTAn software’s 3D morphometric analysis module using standard stereological
algorithms applied to the binarized VOI. To distinguish trabecular bone from marrow
spaces, all images were binarized using a fixed gray-value threshold range of 80-115. This
threshold range was determined empirically by testing multiple candidate ranges on repre-
sentative images from each region and selecting the range that produced the clearest binary
segmentation of trabecular bone across all four anatomical regions upon visual inspection;
a formal quantitative sensitivity analysis of threshold selection was not performed. Rep-
resentative examples of the raw image, region of interest selection, binary segmentation,
and resulting morphometric analysis for each anatomical region are shown in Figures 1—4.
Fractal dimension was calculated using the Kolmogorov (box-counting) method available
in the “3D Analysis” option of the morphometry module of the CTAn software, in which
the volume was divided into cubes of equal size and the number of cubes containing a
portion of the object’s surface was counted; this process was repeated for cubes of different
edge lengths. The three-dimensional fractal dimension (3D-FD) was calculated from the
slope of the log-log plot of cube count versus cube edge length. To assess intraobserver
reliability, measurements for all parameters were repeated after two weeks in 20% of cases.

Statistical analyses were performed using Python (version 3.13.16; Python Software
Foundation, Wilmington, DE, USA) with the scipy.stats library (version 1.18.1). Normal-
ity of distribution was assessed using the Shapiro-Wilk test on the raw, region-specific
values for each parameter to determine whether the repeated-measures ANOVA or the
Friedman test was the more appropriate omnibus test for the region comparisons described
below; a separate test of residual normality, which is the assumption formally required by
repeated-measures ANOVA, was not performed, and this is noted as a limitation for the one
parameter (trabecular number, Tb.N) for which the repeated-measures ANOVA criterion
was met. Because the four anatomical regions (zygoma, condyle, angle of mandible, and
molar) were measured within the same individuals, comparisons among regions were
treated as repeated measures: one-way repeated-measures ANOVA was used for normally
distributed variables, and the Friedman test was used otherwise. When the omnibus test
was significant, pairwise comparisons were performed using the Wilcoxon signed-rank
test, with the Holm-Bonferroni correction applied to control for multiple comparisons. For
the parameter for which repeated-measures ANOVA served as the omnibus test (trabecular
number, Tb.N), Mauchly’s test was used to assess the assumption of sphericity, which
was violated; the Greenhouse-Geisser-corrected omnibus result remained significant. For
the pairwise post hoc comparisons, the Wilcoxon signed-rank test was used uniformly
across all ten parameters, including Tb.N, rather than switching to the paired t-test for
this one parameter. This choice was made for methodological consistency, since normality
was assessed only at the omnibus level and not separately for each of the six pairwise
within-subject difference distributions generated per parameter; the Wilcoxon signed-rank
test does not require this additional, untested assumption and entails only a small loss
of statistical power relative to the paired t-test under normality (asymptotic relative effi-
ciency ~ 0.955). For sex and side comparisons, region-level pseudoreplication was avoided
by first aggregating each patient’s measurements to a single value per comparison group:
for sex comparisons, the eight measurements per patient (four regions x two sides) were
averaged into one overall value per patient; for right-left comparisons, the four regional
values on each side were averaged to yield one left-side and one right-side value per
patient. This patient-level aggregation approach was chosen over a mixed-effects modeling
framework incorporating region, sex, side, and their interactions as fixed effects with
patient as a random effect, in order to keep the statistical framework consistent with the
non-parametric, distribution-free methods used elsewhere in this study and to avoid the ad-
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ditional distributional and model-specification assumptions that a mixed-effects approach
would introduce given the moderate sample size. The resulting loss of region-specific
resolution for the sex and side comparisons is acknowledged as a limitation (see Limita-
tions) and represents a direction for future region-stratified analysis, particularly for the
zygoma. For comparisons between sexes (independent groups), the independent-samples
t-test was used for normally distributed variables with homogeneous variances (Levene’s
test), Welch'’s t-test was used when variances were unequal, and the Mann-Whitney U
test was used for non-normally distributed variables. For right-left side comparisons,
given the paired data structure, the paired-samples t-test or Wilcoxon signed-rank test was
applied according to the normality of the difference scores. The relationship between age
and each parameter was examined using Pearson’s or Spearman’s correlation coefficient,
depending on distribution. Holm-Bonferroni correction for multiple comparisons was
also applied within each of the sex-comparison, side-comparison, and age-correlation
families (ten parameters each), analogous to its use for the region-pairwise comparisons
described above. The significance level was set at o« = 0.05. Intraobserver reliability was
assessed using the intraclass correlation coefficient (ICC), and 95% confidence intervals
were calculated for each ICC estimate (Table 1).

Table 1. Intraobserver reliability (ICC) results. ICC(A,1): two-way random-effects model, absolute
agreement, single measures.

Variable ICC(A,1) 95% CI
Structure model index 0.894 [0.850-0.938]
Tissue volume 0.880 [0.830-0.930]
Trabecular separation 0.878 [0.827-0.929]
Bone volume 0.857 [0.798-0.916]
Trabecular thickness 0.854 [0.794-0.914]
Fractal dimension 0.851 [0.790-0.912]
Percent bone volume 0.852 [0.792-0.912]
Total volume of pore space 0.844 [0.781-0.907]
Total porosity (%) 0.835 [0.768-0.902]
Trabecular number 0.830 [0.761-0.899]

95% confidence intervals are reported alongside the point estimates in this table.

During preparation of this manuscript, a generative artificial intelligence tool (Claude,
Anthropic; Claude Sonnet model family) was used to assist with correcting language and
grammar. The tool was not used for study design, data collection, statistical analysis, or
interpretation of results; all Al-assisted output was reviewed, verified, and edited by the
authors, who take full responsibility for the content of this publication.

3. Results

A total of 99 patients (48 males [48.5%] and 51 females [51.5%]) were included in the
study. The mean age of patients was 23.4 years.

Mean and standard deviation values for trabecular bone structural parameters are
shown in Table 2.
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Table 2. Mean and standard deviation of trabecular bone structural parameters by anatomical region

(n = 99 patients; pixel size = 400 pum).

Parameter Region Mean + SD
Zygoma 3596.05 + 1304.20
Condyle 1562.58 £ 534.91
Tissue volume (TV), mm?
Angle of mandible 1580.30 & 793.63

Molar region

2090.36 + 1025.67

Zygoma 807.54 + 334.08
Condyle 497.91 £ 236.46
Bone volume (BV), mm?
Angle of mandible 511.01 = 279.67
Molar region 580.52 4 298.81
Zygoma 22.85+ 6.14
Condyle 3244 +10.52
Percent bone volume (BV/TV), %
Angle of mandible 3233 +7.14
Molar region 28.96 & 9.36
Zygoma 0.82 £0.48
Condyl 121 +£0.54
Structure model index (SMI) ondy’e
Angle of mandible 0.57 +0.53
Molar region 0.97 £ 0.34
Zygoma 1.69 £ 0.33
. Condyle 1.52 £0.34
Trabecular thickness (Tb.Th), mm
Angle of mandible 1.52 £0.31
Molar region 1.42 £0.36
Zygoma 0.14 £ 0.03
Condyle 0.21 4 0.06
Trabecular number (Tb.N), 1/mm
Angle of mandible 0.22 +£0.04
Molar region 0.20 £+ 0.05
Zygoma 3.30 £ 0.78
Condyl 2.95 £ 1.06
Trabecular separation (Tb.Sp), mm ondy’e
Angle of mandible 2.18 +0.56
Molar region 2.73 £0.75
Zygoma 1.90 & 0.09
. . Condyle 2.05+0.11
Fractal dimension (FD)
Angle of mandible 2.034+0.13
Molar region 2.08 = 0.28

Total pore volume (Po.V.tot), mm?

Total porosity (Po.tot), %

Zygoma 2785.74 + 1076.49
Condyle 1064.68 + 422.25
Angle of mandible 1069.29 £ 551.34
Molar region 1509.83 £ 825.75
Zygoma 7715+ 6.14
Condyle 67.56 & 10.52
Angle of mandible 67.67 £7.14
Molar region 71.04 £ 9.36

TV, tissue volume; BV, bone volume; BV /TV, percent bone volume; SMI, structure model index; Tb.Th,
trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation; FD, fractal dimension;
Po.V.tot, total pore volume; Po.tot, total porosity percentage.

Trabecular bone microarchitectural parameters differed significantly across the

four anatomical regions for every parameter examined (Table 3). Because the four regions

were measured within the same patients, comparisons were treated as repeated mea-

https://doi.org/10.3390/diagnostics16213456


https://doi.org/10.3390/diagnostics16213456

Diagnostics 2026, 16, 3456

8of 17

sures and analyzed with one-way repeated-measures ANOVA (for normally distributed
variables) or the Friedman test (otherwise), followed by Wilcoxon signed-rank pair-
wise comparisons with Holm-Bonferroni correction. Tissue volume (TV) differed sig-
nificantly among regions (Friedman x?(3) = 164.93, p < 0.001, Kendall’s W = 0.555),
with the lowest mean value in the condyle (1562.58 & 534.91 mm?®) and the high-
est in the zygoma (3596.05 + 1304.20 mm?). Bone volume (BV) also differed signifi-
cantly (Friedman x2(3) = 74.39, p < 0.001, Kendall's W = 0.250), lowest in the condyle
(497.91 =+ 236.46 mm?) and highest in the zygoma (807.54 + 334.08 mm?®). Percent bone
volume (BV/TV) differed significantly among regions (Friedman x?(3) = 74.04, p < 0.001,
Kendall’'s W = 0.249), with the lowest value in the zygoma (22.85 £ 6.14%) and the highest
in the condyle (32.44 £ 10.52%); values in the angle of mandible (32.33 & 7.14%) and molar
region (28.96 + 9.36%) were intermediate. The structure model index (SMI) differed signifi-
cantly among regions (Friedman x?(3) = 78.04, p < 0.001, Kendall’s W = 0.263), with the low-
est value in the angle of mandible (0.57 &= 0.53) and the highest in the condyle (1.21 £ 0.54).
Trabecular thickness (Tb.Th) differed significantly among regions (Friedman x?(3) = 42.72,
p <0.001, Kendall’'s W = 0.144), lowest in the molar region (1.42 + 0.36 mm) and highest
in the zygoma (1.69 £ 0.33 mm). Trabecular number (Tb.N) differed significantly among
regions (repeated-measures ANOVA F(3,294) = 100.91, p < 0.001, partial n? = 0.507), lowest
in the zygoma (0.14 £ 0.03 1/mm) and highest in the angle of mandible (0.22 £ 0.04 1/mm).
Mauchly’s test indicated that the sphericity assumption was violated for this comparison
(W =0.761, x2(5) = 26.46, p < 0.001); the Greenhouse-Geisser-corrected result remained
highly significant (¢ = 0.841, p < 0.001), confirming the omnibus finding. Trabecular
separation (Tb.Sp) differed significantly among regions (Friedman x*(3) = 87.16, p < 0.001,
Kendall’s W = 0.293), lowest in the angle of mandible (2.18 & 0.56 mm) and highest in the zy-
goma (3.30 & 0.78 mm). Fractal dimension (FD) differed significantly among regions (Fried-
man x2(3) = 121.27, p <0.001, Kendall’s W = 0.408), lowest in the zygoma (1.90 £ 0.09) and
highest in the molar region (2.08 & 0.28). Total pore volume (Po.V.tot) differed significantly
among regions (Friedman x%(3) = 166.76, p < 0.001, Kendall’s W = 0.561), lowest in the
condyle (1064.68 + 422.25 mm?) and highest in the zygoma (2785.74 + 1076.49 mm?). Total
porosity percentage (Po.tot) differed significantly among regions (Friedman x2(3) = 74.04,
p <0.001, Kendall’'s W = 0.249), lowest in the condyle (67.56 & 10.52%) and highest in the
zygoma (77.15 £ 6.14%). Holm-corrected pairwise comparisons for each parameter are
reported in Table 4, with corresponding effect sizes (rank-biserial correlation, r) and 95%
confidence intervals reported in Table 5.

Table 3. Omnibus statistical comparison of trabecular bone structural parameters among the zygoma,
condyle, angle of mandible, and molar regions (repeated-measures design, n = 99). All parameters
differed significantly among regions (p < 0.05).

Parameter Test Statistic  p Value  Effect Size (95% CI)
Tissue volume (TV) Friedman test 164.93 <0.001 [0‘./;[0;_06.565052]
Bone volume (BV) Friedman test 74.39 <0.001 [0\./;[8:1—0(.).235.'?3]
SSET;: l(’];’{‘,e/w o) Friedman test 7404  <0.001 [0‘./\1]7:696.2;3?1]
Structure model index (SMI) Friedman test 78.04 <0.001 [OV¥7§_()0236 630]
W =0.144

Trabecular thickness (Tb.Th) Friedman test 42.72 <0.001 [0.091-0.245]
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Table 3. Cont.

Parameter Test Statistic  p Value Effect Size (95% CI)
Trabecular number (Tb.N) I;e;esf:rei- 100.91 <0.001 1°p = 0.507
ANOVA [0.457-0.573]
Trabecular separation (Tb.Sp) Friedman test 87.16 <0.001 [ OV\2[2:7—00249§7]
Fractal dimension (FD) Friedman test 121.27 <0.001 [ 0@3?390450288]
Total pore volume (Po.V.tot) Friedman test 166.76 <0.001 [0‘./;12—0(5,566117]
Total porosity (Po.tot, %) Friedman test 74.04 <0.001 W=0249

[0.181-0.334]

W, Kendall’s W (Friedman-based comparisons); nzp, partial eta squared (repeated-measures ANOVA).
95% confidence intervals were obtained by bootstrap resampling of patients (2000 replicates).

Table 4. Holm-Bonferroni-corrected pairwise comparisons (Wilcoxon signed-rank test) between

anatomical regions for each trabecular bone structural parameter (1 = 99).

Parameter Zygoma vs. Zygoma Zygoma Condyle Condyle Angle vs.
Condyle vs. Angle  vs. Molar  vs. Angle  vs. Molar Molar
Tissue volume (TV) <0.001 * <0.001 * <0.001 * 0.783 <0.001 * 0.002 *
Bone volume (BV) <0.001 * <0.001 * <0.001 * 0.645 0.048 * 0.220
Percent bone . . . . "
volume (BV/TV, %) <0.001 <0.001 <0.001 0.892 0.029 <0.001
Structure model . . . . . "
index (SMI) <0.001 <0.001 0.015 <0.001 <0.001 <0.001
Trabecular thickness * " " .
(Tb.Th) <0.001 <0.001 <0.001 0.610 0.104 0.009
Trabecular number <0001*  <0.001%  <0.001* 0761 0272 0.035 *
(Tb.N)
Trabecular separation 0.009 * <0.001*  <0.001*  <0.001* 0.054 <0.001 *
(Tb.Sp)
Fractal dimension (FD) <0.001 * <0.001 * <0.001 * 0.038 * 0.004 * <0.001 *
Total pore . . . . "
volume (Po.V.tot) <0.001 <0.001 <0.001 0.743 <0.001 <0.001
Total porosity <0.001 * <0.001 * <0.001 * 0.892 0.029 * <0.001 *
(Po.tot, %)

* p < 0.05, Holm-Bonferroni-corrected. Angle = angle of mandible.

Table 5. Effect sizes (rank-biserial correlation, r) with 95% confidence intervals for the pairwise

comparisons in Table 4 (Wilcoxon signed-rank test, n = 99).

Parameter

Zygoma vs.
Condyle

Zygoma vs.
Angle

Zygoma vs.
Molar

Condyle vs.
Angle

Condyle vs.
Molar

Angle vs. Molar

Tissue volume (TV)

0.87 [0.87-0.87]

0.85[0.81-0.87]

0.82[0.77-0.86]

0.04 [0.00-0.23]

0.49 [0.35-0.64]

0.30 [0.12-0.48]

Bone volume (BV)

0.76 [0.67-0.83]

0.62 [0.48-0.74]

0.58 [0.43-0.71]

0.08 [0.00-0.26]

0.25 [0.05-0.42]

0.14 [0.00-0.33]

Percent bone
volume (BV/TV, %)

0.70 [0.60-0.78]

0.79 [0.72-0.83]

0.58 [0.44-0.70]

0.02 [0.00-0.21]

0.24 [0.06-0.41]

0.33 [0.14-0.50]

Structure model
index (SMI)

0.58 [0.44-0.69]

0.53 [0.37-0.66]

0.23[0.03-0.41]

0.73 [0.63-0.81]

0.41[0.24-0.58]

0.58 [0.42-0.70]

Trabecular thickness
(Tb.Th)

0.44 [0.29-0.58]

0.47 [0.30-0.61]

0.65 [0.52-0.74]

0.04 [0.00~0.25]

0.23 [0.04-0.40]

0.30 [0.11-0.48]

Trabecular number
(Tb.N)

0.84 [0.81-0.86]

0.85[0.82-0.87]

0.83 [0.79-0.86]

0.00 [0.00-0.22]

0.12 [0.00-0.30]

0.18 [0.00-0.36]
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Table 5. Cont.

Zygoma vs. Zygoma vs. Zygoma vs. Condyle vs. Condyle vs.
Parameter Condyle Angle Molar Angle Molar Angle vs. Molar
gﬁb,;;)ular separation 0.30[0.09-0.48]  0.81[0.77-0.85]  0.55[0.39-0.68]  0.62[0.50-0.73]  022[0.02-0.38]  0.61[0.47-0.74]
Fractal dimension (FD) 079[0.70-0.85]  0.73[0.63-0.82]  0.67[0.54-0.79]  024[0.04-0.43]  033[0.14-051]  0.47[0.27-0.64]

Total pore
volume (Po.V.tot)

0.87 [0.87-0.87]

0.86 [0.85-0.87]

0.83 [0.78-0.86]

0.04 [0.00-0.24]

0.49 [0.34-0.63]

0.32 [0.13-0.47]

Total porosity
(Po.tot, %)

0.70 [0.61-0.79]

0.79 [0.72-0.84]

0.58 [0.43-0.70]

0.02 [0.00-0.22]

0.24 [0.08-0.41]

0.33 [0.15-0.49]

r=|1Z1/+/N, rank-biserial effect size; 0.1 small, 0.3 medium, 0.5 large (Cohen’s conventions). 95%
ClIs obtained by bootstrap resampling of patients (500 replicates). Angle = angle of mandible.

Right-left side comparisons (pooled across all four regions per patient, n = 99) were
also performed using the paired-samples t-test or Wilcoxon signed-rank test accord-
ing to the normality of the difference scores, with Holm-Bonferroni correction applied
across the ten parameters tested. Tissue volume was significantly higher on the right
side than the left (Wilcoxon signed-rank, W = 1045, p < 0.001, Holm-adjusted p < 0.01,
r =0.33 [0.14, 0.50]; right 2293.06 + 626.77 mm? vs. left 2120.66 + 582.37 mm?). Total pore
volume was likewise significantly higher on the right (Wilcoxon signed-rank, W = 1023,
p < 0.001, Holm-adjusted p < 0.01, r = 0.33 [0.14, 0.50]; right 1675.01 + 479.65 mm?3 vs.
left 1543.90 & 460.32 mm?). Trabecular number was significantly higher on the right side
(paired t-test, t(98) = —2.84, p = 0.006, Holm-adjusted p = 0.048, dz = —0.29 [-0.49, —0.08];
right 0.19 £ 0.03 1/mm vs. left 0.19 & 0.02 1/mm), and bone volume was significantly
higher on the right (Wilcoxon signed-rank, W = 1705, p = 0.007, Holm-adjusted p = 0.049,
r=0.27[0.08, 0.45]; right 618.05 £ 184.45 mm? vs. left 580.69 4+ 161.81 mm?); given how
narrowly these last two results survived correction, they should be interpreted with caution.
Trabecular thickness was nominally higher on the left side before correction (Wilcoxon
signed-rank, W = 1812, p = 0.021; left 1.56 £ 0.21 mm vs. right 1.52 &+ 0.20 mm), but this
difference did not remain significant after Holm-Bonferroni correction (Holm-adjusted
p = 0.126) and is therefore reported as inconclusive rather than a confirmed side difference.
No significant right-left differences were found for percent bone volume (p = 0.373), struc-
ture model index (p = 0.067), trabecular separation (p = 0.469), fractal dimension (p = 0.145),
or total porosity percentage (p = 0.373).

Comparisons between sexes (pooled across regions), with Holm-Bonferroni correc-
tion applied across the ten parameters tested, showed significantly higher tissue vol-
ume in males than females (Welch’s t-test, t = 5.59, p < 0.001, Holm-adjusted p < 0.01,
Cohen’s d = 1.14 [0.71, 1.57]; male 2498.89 + 588.53 mm? vs. female 1932.53 + 394.75 mm?),
as well as significantly higher bone volume (Welch’s t-test, t = 4.78, p < 0.001, Holm-
adjusted p < 0.01, Cohen’s d = 0.97 [0.55, 1.39]), total pore volume (Welch’s t-test, t = 5.45,
p <0.001, Holm-adjusted p < 0.01, Cohen’s d = 1.11 [0.69, 1.53]), and trabecular separation
(Mann-Whitney U = 1654, p = 0.003, Holm-adjusted p = 0.021, r = —0.35 [-0.51, —0.16]) in
males; all four of these differences remained significant after correction. No significant
sex differences were found for percent bone volume (p = 0.919), structure model index
(p = 0.986), trabecular thickness (p = 0.447), trabecular number (p = 0.730), fractal dimension
(p = 0.947), or total porosity percentage (p = 0.919).

No significant correlation was found between age and any of the trabecular
bone microarchitectural parameters examined (Spearman’s correlation, all p > 0.05;
TV:r=—-0.130, 95% CI [-0.319, 0.069], p = 0.201; BV: r = —0.079, 95% CI [-0.272, 0.120],
p = 0.438; BV/TV: r = 0.034, 95% CI [-0.165, 0.230], p = 0.740; SMIL: r = 0.086,
95% CI[—0.113,0.279], p=0.397; Tb.Th: r = 0.021, 95% CI [-0.177, 0.218], p = 0.838;
Tb.N: r =0.067, 95% CI [—0.132, 0.261], p = 0.510; Tb.Sp: r = 0.047, 95% CI [-0.152, 0.242],
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p = 0.644; FD: r = —0.065, 95% CI [-0.259, 0.134], p = 0.524; Po.V.tot: r = —0.124, 95% CI
[—0.314, 0.075], p = 0.222; Po.tot: r = —0.034, 95% CI [—0.230, 0.165], p = 0.740; 95% con-
fidence intervals were computed from the Fisher z-transformation). Holm-Bonferroni
correction across these ten correlations did not alter these conclusions, as none reached
nominal significance even before adjustment.

4. Discussion

Primary stability is the stability seen as a result of the mechanical grip of the surround-
ing bone tissue at the moment the implant is placed [10]. Typically, trabecular bone and
cortical bone in the peri-implant area seriously affect the primary stability of the dental
implant, which is a critical factor affecting the survival rate of the implant. Since implants
are placed in trabecular bone, trabecular bone quality is especially important [14]. It should
also be emphasized that primary implant stability is influenced not only by trabecular bone
microarchitecture but also by cortical bone engagement, implant design, surgical trajectory,
and insertion technique; the present study characterizes only the trabecular component and
does not account for these additional biomechanical determinants of stability. It should be
noted that bone quality is a broader concept than the trabecular microarchitectural parame-
ters assessed in this study; it also encompasses mineral content, structural organization,
and mechanical properties of bone tissue, of which trabecular microarchitecture is only
one component, and the parameters reported here (tissue and bone volume, percent bone
volume, trabecular thickness, number and separation, and fractal dimension) character-
ize this structural component rather than bone mineral density or mechanical strength
directly. The quality of bone is not only related to its mineral content or quantity but also to
its structure. A well-structured thin trabecular bone may indicate a highly vascularized
area, which may support faster bone regeneration around the implant [15]. However, the
relationship between the microarchitectural parameters reported here and actual implant
primary stability was not directly tested in this study. Therefore, knowing the trabecular
patterns in the implant area well before surgery will help the clinician in choosing the
appropriate implant protocol.

Micro-CT is considered the gold standard method for trabecular microstructure eval-
uation [16]. Although micro-CT has been adopted as the standard for the analysis of
trabecular bone structures, it is not suitable for use in clinical diagnoses due to scanning
range limitations [12]. In addition to its limited scanning range, micro-CT delivers substan-
tially higher radiation doses than CBCT, which restricts its clinical use in living patients
to ex vivo or cadaveric specimens; CBCT was therefore used in the present in vivo study
as a clinically applicable, lower-dose alternative. In recent years, many researchers have
used dental CBCT as a method of assessing bone density prior to dental implant surgery.
Studies have suggested that trabecular bone parameters evaluated with CBCT show a
strong correlation with micro-CT and that trabecular bone parameters can be evaluated
with CBCT. This allows the clinician to estimate initial implant stability and the likelihood
of immediate or early loading using CBCT scans prior to implant placement [16-19]. We
could not find any study in the literature comparing trabecular parameters of different
bone regions with CBCT. Therefore, to our knowledge, this study provides one of the first
comparative evaluations of trabecular bone structure across these regions using CBCT in a
relatively large sample.

Bone grafting is the most preferred method in the rehabilitation of atrophic maxilla [5].
Zygomatic implants were proposed by Branemark et al. to rehabilitate the atrophic maxilla
and reconstruct congenital and acquired maxilla defects and have been used for many
years [20,21]. The most recent systematic review reports a 12-year cumulative survival
rate of 95.21% based on 68 studies with 4556 zygomatic implants in 2161 patients and
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concludes that the technique has high predictability with good clinical outcomes [22].
However, data on zygomatic bone quality are still insufficient, especially when compared
to other bone regions. For this reason, it is not preferred much. There are not many
studies in the literature examining the trabecular part of the zygomatic bone; the available
studies have evaluated it using micro-CT [23-26]. In our study, the zygomatic trabecular
bone evaluated by CBCT had significantly higher tissue and bone volume than the other
three regions examined (Tables 2 and 4). Because VOI dimensions were defined, at each
anatomical site, as the largest volume that could be placed entirely within the trabecular
bone without extending into the cortical boundary (see Methods), the greater absolute VOI,
tissue volume, and bone volume observed in the zygoma are expected, at least in part,
to reflect the larger anatomical extent of trabecular bone available at this site rather than
solely a difference in true trabecular bone volume independent of anatomy; the relative
parameters reported in parallel, most notably BV /TV, are therefore the more appropriate
basis for comparing trabecular bone volume fraction among the four regions independent
of this anatomical size difference. These results were consistent with the study conducted
by Bertl et al. in 2015 [23]. They suggested that the zygomatic bone has trabecular bone
quality equivalent to the trabecular bone quality of the anterior maxilla, and therefore they
said that zygomatic implants are a good option in atrophic maxilla [23]. This greater tissue
and bone volume should not, however, be interpreted as indicating superior trabecular
bone quality at the zygomatic site: the zygoma simultaneously exhibited the lowest percent
bone volume and trabecular number and the greatest trabecular separation among the four
regions studied, indicating a comparatively sparse, less densely interconnected trabecular
network within a larger overall volume. Bone quantity and trabecular microarchitectural
quality should therefore be regarded as distinct, and in this case divergent, characteristics
of the zygomatic bone. Many studies have reported that the percent bone volume (BV/TV)
ratio is the most important parameter in determining bone quality. As a result of optimal
bone adaptation to masticatory forces, increased BV /TV has been found in areas where
large masticatory forces are received [16]. It should be noted that total porosity percentage
(Po.tot) is mathematically complementary to BV/TV (Po.tot = 100% — BV/TV) and is
therefore not statistically independent of it; the two parameters are reported together
for completeness and consistency with the prior literature, but their regional differences
should be interpreted as reflecting the same underlying bone volume fraction rather than
as independent findings. In studies conducted in the literature, the BV/TV ratio in the
mandible varies between 9.24% and 43.74% [27,28]. In our study, the highest BV /TV ratio
was found in the mandibular condyle, followed by the angle of mandible and molar region,
with the lowest value in the zygomatic bone (Table 2). Parsa et al. attributed this type of
difference in the literature to differences in the scanning system used [16].

Structure model index, trabecular thickness, trabecular number, and trabecular separa-
tion are important parameters that show bone quality. Additionally, the structure model
index is an important indicator of osteoporotic deterioration of trabecular bone. The higher
the trabecular number, the more compact the bone is. In studies conducted in the literature,
mandibular trabecular number values vary between 0.007 and 2.19 mm~! [28]. In our study,
the lowest trabecular number value was found in the zygomatic bone. On the contrary,
trabecular thickness and trabecular separation were highest in the zygomatic bone.

In dental radiology, fractal dimension calculation has been used to identify bone
changes associated with periapical periodontitis, periodontal diseases, bone surgery, and
systemic diseases, so it can be used to evaluate trabecular bone structure [29]. In their
study, Lee et al. showed that there was a statistically significant relationship between the
primary stability of the implant and the fractal dimension [30]. In our study, the lowest
fractal dimension values were found in the zygomatic bone, while the highest values were

https://doi.org/10.3390/diagnostics16213456


https://doi.org/10.3390/diagnostics16213456

Diagnostics 2026, 16, 3456

13 of 17

found in the molar region. As with the other microarchitectural parameters reported here,
the relationship between fractal dimension and actual implant primary stability was not
directly tested in the present study. Three-dimensional fractal dimension has been more
extensively validated using micro-CT; its behavior when calculated from CBCT images at
the 0.4 mm voxel size used here has not been separately validated against micro-CT-derived
values, and this should be considered when interpreting the absolute FD values reported.

In addition to regional differences, significant sex-based and right-left variations were
observed in the present study. Tissue volume, bone volume, trabecular separation, and
total pore volume were significantly higher in males than in females, whereas no significant
sex differences were found for percent bone volume, structure model index, trabecular
thickness, trabecular number, fractal dimension, or total porosity. This pattern is consistent
with well-documented craniofacial sexual dimorphism, whereby males generally present
with larger overall skeletal dimensions than females [31]. The absence of a corresponding
difference in relative measures such as BV/TV and SMI suggests that, despite this size
difference, the underlying quality and organization of trabecular bone may be broadly
comparable between sexes in this young, healthy population. This finding should nonethe-
less be interpreted with some caution, as other CBCT-based studies of the mandible have
reported sex-related differences in fractal dimension and bone volume fraction [32], indicat-
ing that the presence and direction of sex differences in trabecular microarchitecture may
vary according to the specific anatomical site and parameter examined.

Right-left comparisons, pooled across the four regions, revealed significantly higher
tissue volume and total pore volume on the right side after correction for multiple compar-
isons, with bone volume and trabecular number also higher on the right, though these latter
two differences survived correction only narrowly and should be interpreted with caution;
no side differences were observed for percent bone volume, structure model index, trabecu-
lar separation, fractal dimension, or total porosity, and the nominal difference in trabecular
thickness did not survive Holm-Bonferroni correction. A tendency toward right-sided
skeletal dominance has previously been reported in the craniofacial complex, including at
the zygomatic point specifically [33], as well as in the mandibular ramus, where the right
side has been found to be longer than the left in both sexes [34]. The right-left differences
observed here for absolute volumetric parameters, without corresponding differences in
relative bone quality parameters such as BV/TV, may therefore reflect this broader pat-
tern of skeletal asymmetry rather than a clinically meaningful difference in bone quality
between sides. From a clinical standpoint, these sex- and side-related findings suggest
that surgeons should anticipate a degree of normal anatomical variation in bone volume
between sexes and sides when planning zygomatic implant placement, even though the
relative quality of the trabecular bone appears comparable.

This study has some limitations that should be acknowledged. The sample was re-
stricted to systemically healthy patients aged 20-30 years; this age distribution reflects the
retrospective nature of the study, as full craniofacial CBCT scans meeting the inclusion crite-
ria were predominantly available from younger patients in the departmental archive, and it
allowed trabecular bone parameters to be assessed under physiological conditions without
the confounding effects of age-related bone loss. It should also be noted that zygomatic
implants are not indicated exclusively in older, edentulous patients with severe maxillary
atrophy; they are also applied in relatively younger patients presenting with extensive bone
loss secondary to trauma, tumor resection, or other etiologies. Nonetheless, the present
sample should be regarded as a young, systemically healthy reference population rather
than one fully representative of the broader range of zygomatic implant candidates, partic-
ularly older edentulous patients with age-related bone loss. In addition, the retrospective
design and the exclusion of patients with cystic, tumoral, or post-surgical changes ensured
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a homogeneous dataset for characterizing normal trabecular architecture, but these criteria
mean that the results should be regarded as baseline reference values rather than a direct
description of bone quality in markedly atrophic or previously operated maxillae. Finally,
although the zygomatic bone was compared with several established mandibular reference
sites, maxillary anatomical regions directly involved in implant-supported maxillary re-
habilitation were not included in the present comparison. Additionally, CBCT gray-scale
values were not calibrated against a density phantom to derive Hounsfield-equivalent units;
because all scans were acquired on the same device using identical exposure parameters,
this is unlikely to have affected the relative comparisons among regions within this study,
but it limits direct comparability of absolute density-related values with studies using
different CBCT systems or medical CT. Furthermore, images were acquired with a 0.4 mm
voxel size, at which partial volume effects can lead to overestimation of trabecular thickness
and underestimation of trabecular number and separation relative to micro-CT, which
offers substantially higher spatial resolution; because this resolution was applied uniformly
across all four regions, it is unlikely to have biased the relative comparisons among them,
but the absolute parameter values reported here should be interpreted with this resolu-
tion constraint in mind. Sex- and side-based comparisons were performed after pooling
measurements across all four anatomical regions per patient to avoid region-level pseu-
doreplication (see Methods); as a result, this study cannot determine whether the observed
sex- and side-related differences are uniform across regions or are driven disproportion-
ately by one or more specific sites, including the zygoma. Region-specific sex and side
comparisons, particularly for the zygoma, the region most directly relevant to zygomatic
implant placement, represent an important direction for future study. Finally, normality for
the repeated-measures ANOVA (applied only to trabecular number) was assessed on the
raw regional values rather than on the model residuals, which is the assumption formally
required by this test; this is noted as a limitation of the statistical methodology.

Future studies would benefit from extending this evaluation to older patient cohorts,
including those with severe maxillary atrophy or maxillary defects secondary to tumor re-
section, in order to determine whether the trabecular patterns identified here are maintained
across a wider age range and in more clinically representative populations. Comparative
analyses including maxillary reference sites, as well as sex-stratified evaluations, would
further enhance the clinical relevance of these findings. In addition, correlating CBCT-
derived microarchitectural parameters with established bone density classifications, such
as the Misch D1-D4 system, and with implant primary stability measures (e.g., resonance
frequency analysis or insertion torque), would help translate the present reference data
into more direct clinical guidance for zygomatic implant planning. Cadaveric or other ex
vivo micro-CT studies could additionally provide direct micro-CT validation of the CBCT-
derived trabecular parameters reported here, including at the zygomatic site, without the
radiation-dose constraints that preclude micro-CT use in living patients.

5. Conclusions

This study demonstrated that the zygomatic bone exhibits a distinct trabecular mi-
croarchitecture compared with the mandibular condyle, angle of mandible, and first molar
region, characterized by higher tissue and bone volumes but lower BV/TV and trabecular
number. These findings provide baseline reference data on zygomatic trabecular structure
that may support preoperative planning for zygomatic implants. More clinical studies
on the trabecular architecture of the zygomatic bone, particularly in older and more clini-
cally representative populations, are needed to safely perform zygomatic implants in the
atrophic maxilla. In addition, CBCT-based assessment of trabecular bone structure before
surgery may help clinicians anticipate regional differences in bone architecture and inform

https://doi.org/10.3390/diagnostics16213456


https://doi.org/10.3390/diagnostics16213456

Diagnostics 2026, 16, 3456 15 of 17

treatment planning; however, the direct relationship between the microarchitectural param-
eters reported here and clinical implant stability outcomes was not evaluated in this study.
Prospective correlation of these CBCT-derived microarchitectural parameters with estab-
lished bone density classifications (e.g., the Misch D1-D4 system) and with direct implant
stability measures (e.g., resonance frequency analysis, insertion torque) is needed before
these findings can inform clinical decisions on zygomatic implant stability, and should be
regarded as a priority for future research in this area rather than a secondary consideration.

Author Contributions: Conceptualization, B.B., S.A. and K.O.; methodology, K.O. and B.B.; project
administration, B.B., S.A. and K.O.; data curation, E.K. and 1.0O.; resources, S.E., B.B., S.A. and K.O,;
formal analysis, E.K. and 1.0.; writing—original draft preparation, S.E.; writing—review and editing,
S.E. and K.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Near East University Faculty of Dentistry
(protocol code YDU /2024 /126-1869; date of approval: 26 September 2024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The raw per-patient measurement data presented in this study are not
publicly available because of patient privacy restrictions but are available from the corresponding
author upon reasonable request; anonymized data may be shared for legitimate research purposes
subject to institutional and ethics committee approval.

Acknowledgments: During the preparation of this manuscript, the authors used Claude Sonnet 5
(Anthropic, San Francisco, CA, USA; Claude Sonnet model family) for correcting language and
grammar. The authors have reviewed and edited the output and take full responsibility for the
content of this publication. The tool was not used for data analysis, interpretation, or generation of
scientific content, and it does not qualify as an author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Zielinski, R.; Okulski, J.; Simka, W.; Kozakiewicz, M. The Zygomatic Anatomy-Guided Approach, Zygomatic Orbital Floor
Classification, and ORIS Criteria—A 10-Year Follow-Up. J. Clin. Med. 2023, 12, 6681. [CrossRef]

2. Sola Pérez, A.; Pastorino, D.; Aparicio, C.; Pegueroles Neyra, M.; Khan, R.S.; Wright, S.; Ucer, C. Success Rates of Zygomatic
Implants for the Rehabilitation of Severely Atrophic Maxilla: A Systematic Review. Dent. J. 2022, 10, 151. [CrossRef]

3. Davé, R.; Bankauskas, S.; Laurincikas, R.; Kogyigit, I.D.; Mate Sanchez de Val, J.E. Clinical Performance of Zygomatic
Implants—Retrospective Multicenter Study. . Clin. Med. 2020, 9, 480. [CrossRef]

4. Tan, D.S. Evaluation of the Osseointegration Process of Dental Implants Through Implant Stability Measurements. Master’s
Thesis, Hacettepe University, Ankara, Turkey, 2020.

5. Ramezanzade, S.; Yates, ]J.; Tuminelli, EJ.; Keyhan, S.0.; Yousefi, P.; Lopez-Lopez, ]. Zygomatic implants placed in atrophic
maxilla: An overview of current systematic reviews and meta-analysis. Maxillofac. Plast. Reconstr. Surg. 2021, 43, 1. [CrossRef]

6.  Diarjani, S.M.; Motevasseli, S.; Dalili Kajan, Z. Virtual Three-Dimensional Model Analysis in the Assessment of the Maxillary and
Mandibular Donor Sites on Cone-Beam Computed Tomography Images. J. Digit. Imaging 2023, 36, 2249-2258. [CrossRef]

7. Bassil, J.; Abi Sleiman, A.; Mrad, S.; Noujeim, Z. The Zygomatic Buttress as an Efficient Intraoral Donor Site for Limited Maxillary
Reconstructions: A Case Series and Brief Literature Review. Case Rep. Dent. 2021, 2021, 5539185. [CrossRef]

8.  Sennerby, L.; Meredith, N. Implant stability measurements using resonance frequency analysis: Biological and biomechanical
aspects and clinical implications. Periodontology 2000, 47, 51-66. [CrossRef]

9.  Alomari, A.H.; Wille, M.L.; Langton, C.M. Bone volume fraction and structural parameters for estimation of mechanical stiffness
and failure load of human cancellous bone samples; in-vitro comparison of ultrasound transit time spectroscopy and X-ray uCT.
Bone 2018, 107, 145-153. [CrossRef]

10. Abu Alfaraj, T.; Al-Madani, S.; Alqahtani, N.S.; Almohammadi, A.A.; Alqahtani, A.M.; AlQabbani, H.S.; Bajunaid, M.K.; Alharthy,

B.A.; Aljalfan, N. Optimizing Osseointegration in Dental Implantology: A Cross-Disciplinary Review of Current and Emerging
Strategies. Cureus 2023, 15, e47943. [CrossRef]

https://doi.org/10.3390/diagnostics16213456


https://doi.org/10.3390/jcm12206681
https://doi.org/10.3390/dj10080151
https://doi.org/10.3390/jcm9020480
https://doi.org/10.1186/s40902-020-00286-z
https://doi.org/10.1007/s10278-023-00877-y
https://doi.org/10.1155/2021/5539185
https://doi.org/10.1111/j.1600-0757.2008.00267.x
https://doi.org/10.1016/j.bone.2017.11.021
https://doi.org/10.7759/cureus.47943
https://doi.org/10.3390/diagnostics16213456

Diagnostics 2026, 16, 3456 16 of 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Soysal, H.; Geneci, F.; Ocak, M. Investigation of the Human Maxilla and Mandible Trabecular Microstructure with Micro-
Computed Tomography: insan Maksilla ve Mandibula Trabekiiler Mikro Yapistmin Mikro Bilgisayarli Tomografi ile Incelenmesi.
Harran Universitesi Tip Fakiiltesi Derg. 2023, 20, 67-73. [CrossRef]

Ho, J.-T.; Wu, J.; Huang, H.-L.; Chen, M.Y.C.; Fuh, L.-].; Hsu, J.-T. Trabecular bone structural parameters evaluated using dental
cone-beam computed tomography: Cellular synthetic bones. BioMed. Eng. OnLine 2013, 12, 115. [CrossRef]

Kang, S.-R.; Bok, S.-C.; Choi, S.-C.; Lee, S.-S.; Heo, M.-S.; Huh, K.-H.; Kim, T.-L; Yi, W.-]. The relationship between dental implant
stability and trabecular bone structure using cone-beam computed tomography. J. Periodontal Implant Sci. 2016, 46, 116-127.
[CrossRef]

Romanos, G.E.; Delgado-Ruiz, R.A.; Sacks, D.; Calvo-Guirado, J.L. Influence of the implant diameter and bone quality on the
primary stability of porous tantalum trabecular metal dental implants: An in vitro biomechanical study. Clin. Oral Implants Res.
2018, 29, 649-655. [CrossRef]

Nicolielo, L.EP,; Van Dessel, J.; Jacobs, R.; Quirino Silveira Soares, M.; Collaert, B. Relationship between trabecular bone
architecture and early dental implant failure in the posterior region of the mandible. Clin. Oral Implants Res. 2020, 31, 153-161.
[CrossRef]

Parsa, A.; Ibrahim, N.; Hassan, B.; van der Stelt, P.; Wismeijer, D. Bone quality evaluation at dental implant site using multislice
CT, micro-CT, and cone beam CT. Clin. Oral Implants Res. 2015, 26, el—e7. [CrossRef]

Tayman, M.A.; Kamburoglu, K.; Ocak, M.; Ozen, D. Effect of different voxel sizes on the accuracy of CBCT measurements of
trabecular bone microstructure: A comparative micro-CT study. Imaging Sci. Dent. 2022, 52, 171-179. [CrossRef]

He, R.T,; Tu, M.G.; Huang, H.L.; Tsai, M.T.; W, J.; Hsu, ].T. Improving the prediction of the trabecular bone microarchitectural
parameters using dental cone-beam computed tomography. BMC Med. Imaging 2019, 19, 10. [CrossRef]

Bilgili, E. Influence of Voxel Size on Evaluation of Trabecular Bone Microstructure on Human Mandibles: A CBCT study. . Basic
Clin. Health Sci. 2022, 6, 791-797. [CrossRef]

Aparicio, C.; Polido, W.D.; Chow, J.; Davé, R.; Al-Nawas, B. Round and flat zygomatic implants: Effectiveness after a 1-year
follow-up non-interventional study. Int. J. Implant. Dent. 2022, 8, 13. [CrossRef]

Branemark, PI.; Grondahl, K.; Ohrnell, L.O.; Nilsson, P; Petruson, B.; Svensson, B.; Engstrand, P; Nannmark, U. Zygoma fixture
in the management of advanced atrophy of the maxilla: Technique and long-term results. Scand. |. Plast. Reconstr. Surg. Hand
Surg. 2004, 38, 70-85. [CrossRef]

Chrcanovic, B.R.; Albrektsson, T.; Wennerberg, A. Survival and Complications of Zygomatic Implants: An Updated Systematic
Review. J. Oral Maxillofac. Surg. 2016, 74, 1949-1964. [CrossRef]

Bertl, K.; Heimel, P; Rokl-Riegler, M.; Hirtler, L.; Ulm, C.; Zechner, W. MicroCT-based evaluation of the trabecular bone quality
of different implant anchorage sites for masticatory rehabilitation of the maxilla. J. Cranio-Maxillofac. Surg. 2015, 43, 961-968.
[CrossRef]

Nkenke, E.; Hahn, M.; Lell, M.; Wiltfang, J.; Schultze-Mosgau, S.; Stech, B.; Radespiel-Troger, M.; Neukam, FW. Anatomic site
evaluation of the zygomatic bone for dental implant placement. Clin. Oral Implants Res. 2003, 14, 72-79. [CrossRef]

Kato, Y.; Kizu, Y.; Tonogi, M.; Ide, Y.; Yamane, G.Y. Internal structure of zygomatic bone related to zygomatic fixture. J. Oral
Maxillofac. Surg. 2005, 63, 1325-1329. [CrossRef]

Yoshino, M.; Kato, Y.; Kizu, Y.; Tonogi, M.; Abe, S.; Ide, Y.; Yamane, G.-Y. Study on internal structure of zygomatic bone using
micro-finite element analysis model—Differences between dentulous and edentulous dentition in Japanese cadavers. Bull. Tokyo
Dent. Coll. 2007, 48, 129-134. [CrossRef]

Kim, Y.J.; Henkin, J. Micro-Computed Tomography Assessment of Human Alveolar Bone: Bone Density and Three-Dimensional
Micro-Architecture. Clin. Implant. Dent. Relat. Res. 2015, 17, 307-313. [CrossRef]

Lim, E.L.; Ngeow, W.C.; Kadir, K.; Naidu, M. Facts to Consider in Developing Materials That Emulate the Upper Jawbone: A
Microarchitecture Study Showing Unique Characteristics at Four Different Sites. Biomimetics 2023, 8, 115. [CrossRef]

Magat, G.; Oncu, E.; Ozcan, S.; Orhan, K. Comparison of cone-beam computed tomography and digital panoramic radiography
for detecting peri-implant alveolar bone changes using trabecular micro-structure analysis. J. Korean Assoc. Oral Maxillofac. Surg.
2022, 48, 41-49. [CrossRef]

Lee, D.-H.; Ku, Y.; Rhyu, I.-C.; Hong, J.-U.; Lee, C.-W.; Heo, M.-S.; Huh, K.-H. A clinical study of alveolar bone quality using the
fractal dimension and the implant stability quotient. J. Periodontal Implant Sci. 2010, 40, 19-24. [CrossRef]

Zhang, W.; Wu, S.; Li, S.; Wang, H.; Deng, M.; Ren, L.; Liu, L.; Dong, H. Sex determination based on features of the craniofacial
bones in a sample of the central Chinese population using cone beam computed tomography. Forensic Sci. Res. 2025, 10, owae009.
[CrossRef]

Santos, I.G.; Ramos de Faria, F.; da Silva Campos, M.].; de Barros, B.A.C.; Rabelo, G.D.; Devito, K.L. Fractal dimension, lacunarity,
and cortical thickness in the mandible: Analyzing differences between healthy men and women with cone-beam computed
tomography. Imaging Sci. Dent. 2023, 53, 153-159. [CrossRef]

https://doi.org/10.3390/diagnostics16213456


https://doi.org/10.35440/hutfd.1253254
https://doi.org/10.1186/1475-925X-12-115
https://doi.org/10.5051/jpis.2016.46.2.116
https://doi.org/10.1111/clr.12792
https://doi.org/10.1111/clr.13551
https://doi.org/10.1111/clr.12315
https://doi.org/10.5624/isd.20220025
https://doi.org/10.1186/s12880-019-0313-9
https://doi.org/10.30621/jbachs.1037333
https://doi.org/10.1186/s40729-022-00412-8
https://doi.org/10.1080/02844310310023918
https://doi.org/10.1016/j.joms.2016.06.166
https://doi.org/10.1016/j.jcms.2015.04.008
https://doi.org/10.1034/j.1600-0501.2003.140110.x
https://doi.org/10.1016/j.joms.2005.05.313
https://doi.org/10.2209/tdcpublication.48.129
https://doi.org/10.1111/cid.12109
https://doi.org/10.3390/biomimetics8010115
https://doi.org/10.5125/jkaoms.2022.48.1.41
https://doi.org/10.5051/jpis.2010.40.1.19
https://doi.org/10.1093/fsr/owae009
https://doi.org/10.5624/isd.20230042
https://doi.org/10.3390/diagnostics16213456

Diagnostics 2026, 16, 3456 17 of 17

33. Talisman, R.; Arnon, O.; Weinberger, A. Facial asymmetry, the right-side dominance: A retrospective analysis of 315 consecutive
series of patients. JPRAS Open 2023, 35, 18-23. [CrossRef]

34. McCrea, S.J.; Troy, M. Prevalence and Severity of Mandibular Asymmetry in Non-Syndromic, Non-Pathological Caucasian Adult.
Ann. Maxillofac. Surg. 2018, 8, 254-258. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/diagnostics16213456


https://doi.org/10.1016/j.jpra.2022.11.001
https://doi.org/10.4103/ams.ams_293_13
https://doi.org/10.3390/diagnostics16213456

	Introduction 
	Materials and Methods 
	Inclusion Criteria 
	Exclusion Criteria 

	Results 
	Discussion 
	Conclusions 
	References

