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This in vivo animal study aimed to evaluate the diagnostic reliability of a damping capacity assessment 
by correlating dental implant stability with peri-implant bone loss in a beagle dog model. Thirty-two 
bone-level implants were immediately placed in four beagle dogs without bone grafting. Implants 
were divided into platform switching and platform matching groups. Each implant was loaded with 
a superstructure after a 4-week healing period, followed by 8 weeks of functional loading. Damping 
capacity assessment and resonance frequency analysis were performed every 4 weeks. Peri-implant 
bone loss, supporting bone volume, and bone-to-implant contact were assessed using micro-CT and 
histological analysis. Two implants in the platform switching group failed during the study. Among the 
remaining 30 implants, final implant stability indices by damping capacity assessment ranged from 44 
to 80. Peri-implant bone loss varied from 0.25 mm to 6.96 mm. A strong negative correlation was found 
between final stability indices and bone loss (r = − 0.745; p ≤ 0.0001). Supporting bone volume and 
bone-to-implant contact ratio showed significant positive correlations with implant stability. Damping 
capacity assessment demonstrated diagnostic relevance by reflecting peri-implant bone loss and the 
degree of osseointegration. However, its ability to detect early bone resorption is uncertain.
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Dental implant therapy has become a widely accepted and predictable option for tooth replacement, relying heavily 
on the achievement and maintenance of osseointegration. Historically, this process involved an unloaded healing 
period of 3 to 6 months to ensure stable bone-implant integration1–4. Recent advances in implant macro- and micro-
design, surface modifications, and surgical protocols have dramatically shortened healing periods and enabled 
immediate or early loading in cases with sufficient primary stability5. In line with these advancements, immediate 
implant placement has become feasible for implants with high primary stability, making it an increasingly attractive 
solution for both patients and clinicians6,7. This treatment alternative offers several advantages, including reduced 
treatment time and fewer surgical interventions, which in turn enhances patient satisfaction. However, immediate 
implant placement may lead to a higher failure rate due to unpredictable future changes in soft and hard tissue 
levels. Thus, careful case selection is needed to ensure a successful outcome8–13.

Implant stability is typically divided into primary (mechanical) and secondary (biological) stability. Primary 
implant stability is known to be one of the key factors for success associated with placement and loading 
protocols14–19. Accurate assessment of stability is critical, particularly when applying immediate or early loading 
protocols. Various methods have been proposed and investigated clinically for evaluating implant stability20. Two 
widely accepted non-invasive methods for assessing implant stability are resonance frequency analysis (RFA) 
and damping capacity assessment (DCA). RFA is a technique that measures the stiffness function of the bone/
implant complex to assess implant stability21,22. Measured resonance frequency of a transducer attached to the 
implant is converted into a value called Implant Stability Quotient (ISQ). Typically, implant stability is measured 
using an ISQ value in the range of 45 to 85. Implants with ISQ values above 60 may be suitable for early loading23. 
DCA measures deflection/deceleration of a tooth or implant that has been struck by a metal rod from inside the 
instrument’s handpiece. The contact time of the accelerated metal rod to the implant, which moves according to 
the strike, is calculated as a value called Periotest™ value (PTV), which ranges from − 8 to + 50 with decreasing 
stability of the tooth or implant24. PTVs above 10 are associated with failure of osseointegration25,26. Several 
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studies have investigated the ability and usefulness of RFA and DCA to measure implant stability. These studies 
suggested that these methods are correlated and significantly reflected the peri-implant bone level. However, the 
RFA method in which the metal peg is directly connected to the implant is limited in its use once the prosthesis is 
installed. On the other hand, the DCA method using repeated impacts should be used carefully when the initial 
stability is low right after implant placement20,27,28.

Recently, a modified DCA device (Anycheck, Korea) designed to display implant stability on a scale of 1 to 
100 has proven to be clinically useful due to its simplicity and versatility in both clinical and research settings29. 
Clinical validation studies have demonstrated the effectiveness of modified DCA devices, showing comparable 
reliability to both conventional DCA systems such as Periotest M and RFA-based systems such as Osstell during 
healing periods30,31. Moreover, recent investigations have emphasized the diagnostic reliability of non-invasive 
tools, including DCA, across diverse bone resorption patterns and implant loading conditions32. Comparative 
analyses suggest that DCA exhibits moderate to strong agreement with RFA, although its sensitivity may vary 
depending on device configuration33. In addition, site-specific variability in DCA measurements, influenced by 
the direction of measurement and surrounding bone morphology, continues to present a challenge in clinical 
practice34. Therefore, more studies are needed to further explore the accuracy of implant stability measured by 
DCA and its potential clinical utility25,35.

Therefore, this in vivo animal study aimed to evaluate the diagnostic reliability and clinical applicability of 
DCA by analyzing its correlation with peri-implant bone loss, supporting bone volume, and histological bone-
to-implant contact.

Results
Data analysis
Two platform-switched implants with internal connection types in the test group failed at 8 and 12 weeks after 
placement, respectively. Sample size was adjusted except for the two failed implants (n = 30). Final implant 
stability indices measured at 12 weeks were mostly in the range of 60 to 80, except for two samples that were 
44; the mean ± standard deviation was 69.81 ± 8.13. The amount of peri-implant bone loss measured in four 
directions varied from 0.25 mm to 6.96 mm, and the mean value was 3.06 mm. The mean and standard deviation 
of supporting bone volume was 21.95 ± 2.83 mm3. The maximum value was 27.93 mm3 and the minimum value 
was 15.44 mm3. Bone-to-implant contact was analyzed based on combined buccal and lingual values, ranging from 
a maximum of 74% to a minimum of 22.1%, with a mean value of 46.94%. The raw data for the variables in this 
study are available in Supplementary Table S1 online.

Normality test results showed that most stability indices did not satisfy normality except for the RFA index 
at 8 weeks, whereas peri-implant bone loss of the parameters excluding the lingual side met the criteria for 
normality. Normality test results showed that both bone to implant contact and supporting bone volume satisfied 
the normality assumption. Since several factors failed to satisfy the normality test, non-parametric statistical 
analysis was selected (Table 1).

Correlation with stability indices for each variable
In all samples, the peak insertion torque values of the implants were not significantly correlated with any variables. 
As a result of categorizing and grouping the data on the final implant stability indices and peri-implant bone loss, 
box plot graphs showing a negative correlation trend were observed in both criteria (Fig. 1). When the samples 
were grouped according to final stability index and compared based on mean peri-implant bone loss, the median 
value for the three samples with a stability index less than 65 was 5.37 mm, and the median value for the six samples 
with a stability index between 65 and less than 70 was 3.68 mm. The median value was observed to be 3.52 mm in 
14 samples with a stability index between 70 and 75, and the median value was 1.39 mm in 7 samples with a stability 
index between 75 and 80. On the other hand, as a result of classifying the final stability index of all samples based on 
the mean value of peri-implant bone loss, the median value of the stability index for 10 samples with bone loss less 
than 2 mm was 77, and for 12 samples with bone loss from 2 mm to 4 mm, the median value was 70.7. The median 
stability index for eight samples with bone loss > 4 mm was 65.8.

The peri-implant bone loss pattern measured in four directions was found to have a statistically significant 
correlation with the final stability index in all directions: buccal (r = − 0.736; p ≤ 0.0001), lingual (r = − 0.712; 

Normality Surgical condition Stability index

variable Peak insertion torque A4 A8 A12 O4 O8

p-value 0.0016* < 0.0001* 0.0003* < 0.0001* 0.0043* 0.3852

Normality Peri-implant bone loss

variable B L M D mean max min

p-value 0.0853 0.016* 0.5324 0.7176 0.6746 0.6017 0.1876

Normality Bone to implant contact ratio Supporting bone volume

variable B L mean BV

p-value 0.266 0.0726 0.481 0.1391

Table 1.  Normality test for all variables in this study using the Shapiro–Wilk test.  A significant result of 
p < 0.05 (*) indicates a non-normal distribution.
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p ≤ 0.0001), mesial (r = − 0.688; p ≤ 0.0001), and distal (r = − 0.678; p ≤ 0.0001). Mean, maximum, and minimum 
values ​​of peri-implant bone loss calculated for each implant also showed statistically significant negative 
correlations with final implant stability indices (Fig. 2), with the minimum value showing the strongest negative 
correlation: mean (r = − 0.745; p ≤ 0.0001), maximum (r = -0.721; p ≤ 0.0001), and minimum (r = − 0.800; 
p ≤ 0.0001).

A statistically significant positive correlation (r = 0.593; p = 0.0004) was observed between supporting bone 
volume and final implant stability index. The bone to implant contact ratio also showed a statistically significant 
positive correlation with the final stability index for both buccal (r = 0.563; p ≤ 0.0001) and lingual (r = 0.728; 
p ≤ 0.0001) sides. A relatively low correlation was confirmed on the buccal side than on the lingual side (Fig. 3).

Analysis related to implant stability indices and measurement methods
A statistically significant correlation was observed between implant stability indices measured at 4 and 8 weeks 
using the RFA and DCA methods. A moderate positive correlation (r = 0.750; p ≤ 0.0001) was observed at 4 weeks. 
A high positive correlation (r = 0.887; p ≤ 0.0001) was observed at 8 weeks. However, at 12 weeks, the stability index 
using the RFA method could not be measured due to the implant’s superstructure. Therefore, correlation could not 
be assessed.

Fig. 2.  Distribution of correlation between mean, maximum, and minimum values of peri-implant bone loss 
(pIBL) and final implant stability index (ACV).

 

Fig. 1.  Box plot graphs visualized using data grouping to determine distribution and trends between Anycheck 
value (ACV) and peri-implant bone loss (pIBL). Distribution of ACV data divided into three groups based on 
pIBL 2 mm and 4 mm as the boundary (a). Distribution of pIBL data divided into four groups based on the 
final stability indices referred as ACV (b).
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Changes in implant stability over time were evaluated by comparing differences in stability index measured 
with the same method. Correlations with other variables were also analyzed. As a result, differences in stability 
index between individual time points (4, 8, and 12 weeks) did not show a significant correlation with peri-implant 
bone loss or bone to implant contact ratio. However, they showed a correlation with the three-dimensional 
volume of the supporting bone. Except for the difference in stability index between 4 and 8 weeks, all differences 
including the 12-week stability index showed statistically significant correlation with the supporting bone 
volume (Table 2).

Discussion
DCA method is considered a valuable clinical tool, along with RFA method,  for the prevention, diagnosis, 
and prediction of implant failures, which can aid in the maintenance and management of implants21,36,37. The 
validity of these technologies has been determined through methods such as mechanical testing, radiographic 
examinations, and histological evaluations38–42. This study aimed to evaluate the reliability of the final stability 
index through the DCA method for implants with various bone levels by evaluating the amount of bone loss 
around the implant, bone-implant contact ratio, and implant supporting bone volume. A previous in vitro study 
demonstrated significantly different indices of implant stability measurements by the DCA method at a peri-
implant bone level of approximately 2 mm29. However, this suggests that measuring implant stability in a dynamic 
environment before osseointegration as opposed to after stable osseointegration can show significant differences. 
In this in vivo study, despite applying an immediate placement protocol to implants, it was intentional to perform 
early loading and exclude bone grafting to simulate a range of bone resorption states. Most samples in each group 
showed a normal distribution. The final stability index was confirmed to follow a normal distribution except for two 
values below 60. However, other stability index groups did not follow a normal distribution due to an insufficient 
number of samples. Therefore, non-parametric statistical analysis was applied. Ultimately, all implants involved in 
this experiment showed adequate results for implant stability measurements intended in this study. This animal 
study with immediate placement and early loading protocol could potentially be recognized as a single stability 
experimental model with a standard normal distribution for a variety of stability evaluations.

In this study, effects of immediate implantation and early loading protocols were observed using two different 
types of implants. Although all implants showed stable insertion torque values (10 to 40 N·cm) and were initially 

O8-O4 A8-A4 A12-A4 A12-A8

Mean ± SD 4.58 ± 6.94 4.82 ± 8.81 3.89 ± 9.18 − 0.53 ± 5.17

Mean value of pIBL
r -0.062 0.150 − 0.058 − 0.063

p-value 0.7489 0.4333 0.7648 0.7421

Mean value of BIC
r 0.251 − 0.024 0.171 0.124

p-value 0.1834 0.8996 0.3690 0.5164

Supporting bone volume
r 0.339 0.350 0.494 0.560

p-value 0.0670 0.0577 0.0049 * 0.0010 *

Table 2.  The variation in implant stability over time. pIBL: peri-implant bone loss, BIC: bone to implant 
contact ratio A significant result of p < 0.05 (*) indicates a correlation.

 

Fig. 3.  Distribution correlation of bone to implant contact ratio (BIC) with final implant stability indices 
(ACV).
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submerged without loading for 4 weeks, the fact that loading began early, after 4 weeks, may have contributed to 
implant failure in some cases. Depending on the implant design, early loading protocols without bone grafting 
might still pose risks despite adequate insertion torque. In particular, in the case of conical internal connection 
type implants developed to evenly distribute the load throughout the entire surface of implant body, excessive 
early loading force could be a detrimental condition for osseointegration. However, external connection 
implants without a platform switching design might have provided relative stability even in the early stages of 
osseointegration due to axial load transmission through the abutment screw.

The mean values of peri-implant bone loss for the 30 implants in this study ranged from 0.52 mm to 6.23 mm 
for an 8.5 mm long implant. As shown in Fig. 1, when divided into three groups based on the 2 mm interval 
of peri-implant bone loss, a significant median difference (> 4 ACV units) was observed between groups. This 
indicates that the same DCA measuring device demonstrated in our previous in vitro study is also effective 
in distinguishing 2  mm of peri-implant bone loss, even in vivo. Results of this study indicated a significant 
correlation between the amount of alveolar bone loss and the final ACV. The final ACV measured from all four 
aspects (buccal, lingual, mesial, distal) exhibited a negative correlation with the amount of alveolar bone loss. 
Particularly, in the table depicting the relationship between minimum values of alveolar bone loss and the final 
ACV, it could be observed that minimum values of alveolar bone loss were clustered near the upper limit of the 
linear regression line. It was shown that if osseointegration was achieved by contact with the alveolar bone in 
only one direction around the implant, implant stability could be sustained via localized bone support in that 
direction.

In this study, the 3-dimensional supporting bone volume around the implant was quantitatively measured 
using micro-CT. The results of measuring the bone volume outside the implant in a cylindrical area bordered 
with a diameter of 4.25 mm, which is representing a 25% increase over the core diameter (3.0 mm, threads 
excluded), were expected to be related to the density or elasticity of the supporting bone around the implant. 
BIC was determined by histomorphometry as the area of the implant surface in contact with bone. The previous 
inconsistency in the correlation between implant stability measurements and BIC might be attributed to the 
use of 2-dimensional histomorphometric evaluations43–46. This is because one or a few tissue cross-sections 
cannot provide a comprehensive view of the implant-bone interface. In addition, unlike in other studies limited 
to marginal bone loss, the range of peri-implant bone loss in this study varied from 5.9 to 73.3%. Therefore, 
significant differences in BIC might have resulted from the heterogeneous patterns of peri-implant bone loss. As 
a result, both supporting bone volume and BIC showed significant correlations with the final implant stability 
indices.

Previous in vivo studies have reported that RFA and DCA device values show moderate (between 0.3 and 0.7) 
or weak (less than 0.3) correlations47. In this study, implant stability measured by RFA and DCA at 4 and 8 weeks 
demonstrated a strong correlation. A strong relationship (r = 0.856) was observed between O8 and A8 measured 
at 8 weeks, indicating that DCA devices and RFA devices have similar reliability in implant measurements. 
This is consistent with results reported in other studies29,48,49. However, the use of metal peg with RFA devices 
prevented the measurement of implant stability at 12 weeks when the superstructure was connected. Therefore, 
final stability comparisons between DCA and RFA could not be performed due to measurement constraints 
at 12 weeks. Furthermore, the change in implant stability over time showed a significant correlation with the 
supporting bone volume in outcomes such as A12-A4 and A12-A8, which included the final implant stability 
index measured at 12 weeks. A12-A4 showed a low positive correlation, while A12-A8 showed a moderate 
positive correlation. This suggests that as time progresses and osseointegration is completed, a higher correlation 
between supporting bone volume and implant stability becomes evident.

Based on the results of this in vivo study, the following conclusions could be drawn. Various patterns of 
peri-implant bone loss have been observed when immediate implant placement and early loading protocols 
excluding bone grafting were used. Peri-implant bone loss evaluated by radiographic or histomorphometric 
analysis was significantly correlated with the implant stability index measured using the DCA method. However, 
the diagnostic ability of early bone resorption of implants is controversial because the clinical efficacy of the 
DCA method is determined by significant progression of peri-implant bone loss.

Materials and methods
Dental implants and abutment
A total of 32 commercial dental implants with a diameter of 3.5 mm, a length of 8.5 mm, and a sandblasted and 
acid-etched surface (TSIII SA & USII SA Fixture, Osstem Implant, Seoul, Korea) were used. Half of these bone level 
implants were of the platform switching type with an internal connection (TSIII SA) as a test group. The other half 
were of the platform matching type with an external connection (USII SA) as a control group. One-piece titanium 
abutments (5 mm height) were used during the healing period, while two-piece customized titanium abutments 
(6 mm height, 7 mm diameter) were fabricated for the functional loading period.

Experimental design
This study was performed with the approval of the Ethics Committee of Animal Experimentation of the 
Institutional Animal Care and Use Committee (CRONEX-IACUC approval no. 201906003; Cronex, Hwasung, 
Korea). In addition, all the study procedures, including animal selection, management, preparation, and surgical 
protocols, were conducted in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) 
guidelines. Therefore, all methods were carried out in accordance with relevant guidelines and regulations.

The experimental design was referenced from a previous beagle dog study by Blanco et al. in 2012, which 
involved an immediate implantation and immediate loading protocol after tooth extraction50. Nevertheless, 
because the purpose of this study was different from previous studies, some methods such as implant type, 
placement position, loading time, and superstructures were modified. This experimental design compared 
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implant stability and bone resorption patterns of two types of commercially available implants with clinically 
proven success rates, a sample size of four animals was judged to be sufficient for verification.

Four male beagle dogs (Orientbio, Seongnam, Korea) aged approximately one year were used in this study. 
Anesthesia was induced with subcutaneous atropine (0.05 mg/kg), followed by intravenous xylazine (2 mg/kg) 
and ketamine hydrochloride (10 mg/kg). Maintenance was achieved via endotracheal enflurane inhalation (2%). 
Conventional dental infiltration anesthesia (lidocaine 40 mg, 0.2% epinephrine) was administered at the surgical 
sites. Bilateral extractions of mandibular premolars and molars (P2–M1) were performed. Crestal incisions were 
performed in the premolar–molar region of the mandible. Full-thickness mucoperiosteal flaps were elevated.

Two consecutive implants with identical connection types were randomly assigned in 16 different regions, 
symmetrically divided into left and right, anterior and posterior regions, using a randomized block design to 
minimize differences between individuals and between implantation sites. As a result, four tapered implants 
were immediately placed on each side of mandible by a single clinician under sterile conditions. Peak insertion 
torque value was measured manually by a torque wrench. Liquid diets were provided postoperatively to minimize 
masticatory trauma during healing. All implants were submerged for the first four weeks. After four weeks of 
implant placement, a healing abutment was connected to the implant with a constant force of up to 10 N·cm 
using a digital torque meter. After soft tissue healing, a final titanium prosthesis was loaded to the implant during 
the final four weeks. Titanium abutment screws were torqued to 30 N·cm and the screw hole was filled with 
polytetrafluoroethylene and resin materials. At 12 weeks, experimental animals were sacrificed by administering 
concentrated sodium pentobarbital IV (Euthasol, Delmarva Laboratories, Inc., Midlothian, VA, USA).

Implant stability measurement
Implant stability (three repeated sets) was measured using a damping capacity assessment device (Anycheck, 
Neobiotech, Seoul, Korea). This device measured the contact time between the metal tapping rod and the 
implant superstructure using six consecutive impacts in one set, displaying results as a stability index called 
the Anycheck value (ACV). DCA measurements were performed consistently on the buccal side. During both 
healing and loading phases, measurements were conducted approximately 5 mm above the implant platform, 
corresponding to the top of the healing abutment (5 mm) or near the top of the final abutment (6 mm), ensuring 
consistency across time points.

Implant stability quotient (ISQ) was also acquired three times each as a reference using a resonance 
frequency analysis device (Osstell ISQ, Integration Diagnostics, Gothenburg, Sweden). Both implant stability 
measurements were performed every four weeks (Fig. 4). However, ISQ values were not obtained at 12 weeks 
when the superstructure was fixed to the implant. Using RFA, the difference between indices measured at 8 
weeks (O8) and 4 weeks (O4) was calculated. Using DCA, differences between indices were measured at 4 weeks 
(A4), 8 weeks (A8), and 12 weeks (A12).

Evaluation of peri-implant supporting bone
All samples including implants, hard tissues, and soft tissues were scanned using microcomputed tomography 
(micro-CT) to evaluate the morphology of the peri-implant supporting bone. Samples were reoriented along the 
implant axis and scanned using a micro-CT device (SkyScan1173; Bruker-CT, ​​Kartuizersweg 3B 2550 Kontich, 
Belgium) with the region of ​​interest in the center. SkyScan1173 control software version 1.6 (Bruker-CT) was used 
for measurement. Imaging conditions of 130 kVp, 60 µA, 1 mm aluminum filter, 500 ms exposure time, 2240 × 2240 
pixels were used to obtain a total of 800 high-resolution images. After radiographic assessment, samples were fixed 
with 4% formalin, decalcified with 10% ethylene-diamine-tetra-acetic acid (pH 7.0), dehydrated through a graded 
series of ethanol solutions and 100% acetone, and embedded in methyl methacrylate. Tissue slides (25 μm) were 
then prepared in the buccolingual direction parallel to the axis of the implant with an EXAKT 400CS grinding 
machine (Leica, Wetzlar, Germany). Slides were then stained with basic fuchsin, toluidine blue, and Goldner’s 
trichrome.

Fig. 4.  Measurement of implant stability by damping capacity assessment (a) and resonance frequency analysis 
(b) every four weeks.
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Radiographic analysis
To analyze the pattern of peri-implant bone loss, four types of dimensions were measured from implant shoulder 
to the most coronal bone-to-implant contact in micro-CT sections. Distance calibration was performed using 
ImageJ version 1.53 for image processing and analysis for every radiograph to compensate for linear distortion. 
The following linear measurements were performed parallel to the long axis of each implant at four points: 
buccal, lingual, mesial, and distal sections (Fig. 5).

To analyze supporting bone volume, projection images obtained from micro-CT were reconstructed into 
cross-sectional slices using NRecon software version 1.7.0.4 (Bruker-CT) and analyzed with CTAn software 
version 1.17.7.2 (Bruker-CT). The region of interest (ROI), encompassing the trabecular bone surrounding the 
implant, was defined as a cylinder from the implant axis and a length of 8.5 mm from the top of the implant. 
Limit of ROI was defined as an outer cylindrical border of 4.25 mm in diameter with the same axis as the implant 
body, which had a diameter of approximately 3.0 mm excluding threads. A width of 375 μm was defined for the 
circular ROI margin because it was 25% of the radius of the implant body, a commonly used distance. All images 
were individually evaluated. ROI mask was applied to each image. Bone tissue was segmented using a threshold 
of 50–80 Hounsfield units within the ROI (Fig. 6).

Histomorphometric analysis
Tissue slide images were captured and analyzed with a light microscope (Olympus BH2 with S Plan FL2 lens, 
Tokyo, Japan) and a computer-digitized image analysis system (Leica Imaging System, Cambridge, England). 
Bone-to-implant contact (BIC)  was calculated as linear percentage of the interface with direct contact between 
bone and the implant to the total interface of the implant in the cancellous bone. Considering the damping effect 
on buccal impact when evaluating implant stability, the measurement of BIC was divided into buccal and lingual 
parts based on the long axis of the implant (Fig. 7).

Statistical analysis
The Shapiro–Wilk test was performed to assess the normality of each variable. Spearman’s rank correlation 
analysis was also performed to analyze the correlation between results of implant stability and peri-implant 
bone level results analyzed by various methods. In addition, univariate linear regression analysis was performed 
to determine the effect of each outcome on implant stability. The significance level set in the analysis was 5% 
(p = 0.05). All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). The 
sample size (n = 32 implants) was determined via power analysis (α = 0.05, power = 0.80, effect size = 0.5) to 
detect significant correlations between implant stability and bone-related parameters.

Fig. 5.  Peri-implant bone loss was evaluated by measuring linear dimensions in four directions from the 
implant shoulder to the most coronal point of surrounding bone attached implant threads on micro-CT cross 
sections: Buccolingual section (a) and mesiodistal section (b). (L: lingual, B: buccal, M: mesial, D: distal)
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Data availability
Data is provided within the manuscript or supplementary information files.

Received: 16 May 2024; Accepted: 8 July 2025

Fig. 7.  Representative histological section showing bone-to-implant contact (BIC) on buccal (B) and lingual 
(L) aspects. The specimen was stained using Masson’s trichrome, where mineralized bone appears blue. Buccal 
and lingual regions were separately evaluated along the implant’s long axis to reflect directional variations.

 

Fig. 6.  Representative 3D micro-CT image showing the process of peri-implant supporting bone volume 
calculation. From left to right: The implant boundary was digitally segmented from the raw scan data. A 
cylindrical region of interest (ROI) with a diameter of 4.25 mm and a height of 8.5 mm, aligned with the 
implant axis, was defined starting from the implant platform. The volume of the implant was subtracted from 
this ROI to isolate the supporting bone volume. The ROI included a 375 μm margin beyond the implant 
surface to encompass the surrounding trabecular bone.
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