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Dental implants have become the gold standard 
therapy for partially and totally edentulous pa-

tients.1 Osseointegration, a direct and functional con-
nection between ordered living bone and the surface 
of a load-bearing implant, is vital for implant success.2,3 
A common parameter to estimate osseointegration is 
bone-to-implant contact (BIC) percentage, and when 
an implant is osseointegrated, approximately 60% to 
70% of the implant surface is in contact with the bone.4–6 
The assessment of osseointegration in the clinical 

setting is dependent on radiologic analysis (marginal 
bone stability) and mechanical criteria (implant stabil-
ity).7,8 To achieve successful osseointegration, it is es-
sential to guarantee primary mechanical stabilization 
of the dental implants.7,9,10 Well-established primary 
stability after implantation lays a solid foundation for 
future secondary stability (ie, biologic stability) and dic-
tates the functional load capacity.6,11

Tools and methods to assess implant stability can be 
divided into three types: traditional clinical methods 
(eg, percussion and radiography), vibration analysis 
(eg, Periotest and resonance frequency analysis [RFA]), 
and torque testing (eg, insertion torque [IT] and reverse 
torque).12 Among these, RFA has been most extensively 
used.13 The Osstell ISQ device, representative of mod-
ern RFA devices, uses a SmartPeg to measure the reso-
nance frequency of implant-bone systems and convert 
the peak amplitude of response into a parameter called 
the implant stability quotient (ISQ).14–16 However, the 
reliability of RFA to identify implant stability and osseo-
integration remains controversial.17–19 It seems that RFA 
is more affected by the implant location and has low 
sensitivity to the degree of osseointegration.17 Bone 
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architecture, rather than osseointegration, is the main 
factor influencing implant stability.20

Local bone density and thick cortical bone contribute 
to primary implant stability.21,22 An increase in cortical 
bone thickness at the ridge or 3 mm below the ridge 
(buccal or lingual side) can boost IT and implant 
stability.23 Cortical bone anchorage correlates with high 
IT values, and bicortical anchorage is frequently applied 
in maxillary sinus floor elevation or during immediate 
loading of implants to increase primary stability.24 While 
cortical bone is essential for implant stability, trabecular 
bone is considered to be more relevant to peri-implant 
bone healing.25

Implant designs, at both the macro and micro levels, 
are vital to the osseointegration and mechanical inter-
locking of the implant-bone interface.26–28 Micro structure 
refers to the surface morphology of the implant, which 
is related to bone remodeling at the implant-bone 
interface.29 Macrostructure (eg, implant thread, length, 
and diameter) determines primary stability and peri-
implant bone stress distribution.28 Implant diameter 
seems to have a greater effect than length on prima-
ry implant stability and occlusal force transfer to the 
bone.6,30 Total implant surface area increases approxi-
mately 20% to 30% for every 1-mm increase in diam-
eter, and a greater surface leads to a more diluted force 
distribution and less stress on the crestal bone.6,8,31 
Selection of the appropriate implant diameter is fun-
damental and must match diverse alveolar bone con-
ditions.32 A suitable implant diameter should not only 
guarantee ideal implant stability but also favor bone 
remodeling.

Osteogenesis occurs approximately 4 weeks after 
implant placement, and it is a repair period in which bone 
resorption and apposition occur simultaneously.33,34 
The newly formed bone is further modified, and a 
dense and orderly lamellar structure can be observed 
along the implant surface at 12 weeks.33,35 These two 
periods (4 and 12 weeks) are crucial for osseointegration 
in the early stage. In the present study, histologic 
observations were performed at 4 and 12 weeks to 
evaluate osteogenesis and osseointegration.

A considerable amount of clinical and in vitro research 
has investigated the independent effect of different 
diameters on implant stability, marginal bone stability, 
and osseointegration, whereas few studies have 
investigated their relationships in vivo.36–38 To compare 
the behaviors of different implant diameters on implant 
stability, marginal bone stability, and osseointegration, 
implant surgical templates for dogs were fabricated so 
implant conditions would be as consistent as possible. 
Three frequently used implant diameters were selected 
as study objects: Ø3.3 mm (narrow diameter), Ø4.1 mm 
(standard diameter), and Ø4.8 mm (wide diameter). To 
monitor the changes in implant stability, ISQ values 

were recorded every 4 weeks. In addition, the reliability 
of RFA to detect osseointegration and marginal bone 
level (MBL) was evaluated.

MATERIALS AND METHODS

According to ARRIVE guidelines, this animal study was 
approved by the review board of the Affiliated Stom-
atol ogy Hospital of Tongji University. Seven healthy 
beagle dogs (age: 12 to 18 months; mean weight: 
13.2 kg) were selected and raised in Shanghai Jiagan 
Biotechnology (environmental temperature: 20 ± 2°C; 
humidity: 55 ± 5%). Implants (Bone Level Implants SLA, 
Strau mann) with diameters of Ø3.3, Ø4.1, and Ø4.8 mm 
were donated by Shanghai Sichuan Medical Instru ments.

Experimetzal Design
A flowchart of the experimental design is presented in 
Fig 1a. The concrete experimental design and implant 
distribution were as follows.

Histologic Observation Rime—4 Weeks
Three dogs were euthanized at 4 weeks after implant 
placement to observe osteogenesis and the implant-
tissue interface biology. Each dog received two im-
plants on each side of the posterior mandible. There 
were 12 implant sites in total, with three different di-
ameters randomly distributed. Clinical observation (ISQ 
and CBCT measurements) was performed after implant 
placement (baseline) and at 4 weeks.

Histologic Observation Time—12 Weeks
Four dogs were euthanized at 12 weeks to observe 
osseointegration. Each dog received eight implants, 
except for one dog with inadequate alveolar bone that 
received two implants. The number of Ø3.3-, Ø4.1-, 
and Ø4.8-mm implants was 8, 10, and 8, respectively. 
Clinical observation (ISQ and CBCT measurements) was 
performed at baseline and at 4, 8, and 12 weeks.

Fabrication of the Implant Surgical Templates
Surgical extractions of the mandibular premolars and 
first molars were performed on beagle dogs under 
general anesthesia induced by ketamine/xylazine. Af-
ter 8 weeks, all dogs underwent CBCT to ensure healing 
of the extraction sites. Impressions of the mandibular 
arches were made using silicone rubber impression 
material (Silagum Putty, DMG Dental) and personalized 
resin trays. The stone casts fabricated from silicone im-
pressions were scanned by a 3D scanner (Open Technol-
ogies) then converted to surface tessellation language 
(STL) data (Fig 1b). Additionally, CBCT data were trans-
formed into Digital Imaging and Communications in 
Medicine (DICOM) format. DICOM and STL data were 
imported and matched together in the implant guide 
design software (RealGuide, 3Diemme). Areas with 
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similar bone width were selected as implant sites, and 
implants were virtually located at their optimal implant 
sites (Figs 1c and 1d). Individually customized implant 
surgical templates that contained four guide sleeves 
were manufactured by a 3D printer (Fig 1e).

Implant Surgery Procedure
Dogs under general (ketamine/xylazine) and local (li-
docaine) anesthesia underwent implant surgery, which 
was performed with the assistance of the implant surgi-
cal template (Figs 1f and 1g). After sequential drilling, 
an incision was made, and full-thickness flaps were 
raised. The alveolar bone was trimmed by an osteotomy 
drill, and implants were subsequently placed (Figs 1h 
and 1i). Each implant was placed with a healing abut-
ment torqued to 25 Ncm that did not exceed 35 Ncm. 
Implants that had poor IT were placed with a low-profile 

cover screw. Flaps were sutured by interrupted suture, 
and sutures were removed 10 days later. All dogs re-
ceived analgesics and antibiotics for 5 days.

Resonance Frequency Analysis
Implant stability was assessed by an Osstell ISQ device 
according to the manufacturer’s instructions at base-
line and every 4 weeks after surgery (Fig 1j). The final 
ISQ of an implant was the average of recorded values in 
four directions (mesial, distal, buccal, and lingual).39 For 
implants with soft tissue coverage, the position of the 
implant was partially visible through the thin mucosa; it 
could also be detected by a probe.

Radiologic Analysis
Each beagle dog underwent CBCT imaging (Accuitomo, 
J Morita) at baseline and every 4 weeks after surgery. 

a

b c d

e f g
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Fig 1  Experimental design and implant surgery procedures. (a) Flowchart of the experimental design. Green triangles: injection of calcein 
14 days before euthanasia; red triangles: injection of alizarin red 4 days before euthanasia. (b) Model scanning. (c and d) Virtual design of implant 
sites. Yellow: Ø3.3-mm implants; red: Ø4.1-mm implants; green: Ø4.8-mm implants. The safe distance (green outline border) was set to 1 mm. 
(e) Implant surgical template. (f) Buccal side of the implant surgical template in the mouth. (g) Implant osteotomies. (h) Bone width was mea-
sured using a periodontal probe. (i) Placement of implants. (j) ISQ measurement.
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The operating voltage was 90 kV, the current 3.0 mA, 
and the exposure time 17.5 seconds. The primary slice 
thickness was 1 mm, and a 0.5-mm slice increment was 
used. The MBL was the distance between the most 
coronal BIC and the implant platform level.40 Marginal 
bone resorption (MBR) was the distance between the 
peri-implant bone level at implant placement and the 
peri-implant bone level at 12 weeks. The mean MBR 
was the average of MBR values in four directions (buc-
cal, lingual, mesial, and distal) and so was the mean 
MBL. The residual bone thickness (buccal/lingual) of 
implants at baseline was measured at 1 mm below 
the alveolar crest. The measurements were performed 
by image analysis software (Image-Pro Plus 6.0, Media 
Cybernetics).

Fluorescence Double Labeling
To observe dynamic bone remodeling of implants, cal-
cein (C0875, Sigma-Aldrich) and alizarin red (A3882, 
Sigma-Aldrich) solutions were injected subcutaneously 
into the necks of the beagle dogs 14 and 4 days before 
euthanasia, respectively. The injection concentrations 
of calcein and alizarin red solutions were 20 mg/mL 
and 10 mg/mL, respectively. The doses of calcein and 
alizarin red solutions were 10 mg/kg and 20 mg/kg, 
respectively. The dilution solution was 0.9% NaCl con-
taining 2% NaHCO3. The pH of the dyes was adjusted to 
7.4, after which they were filtered into sterile containers 
by Millipore filters. Before use, dyes were stored at 4°C. 
Tissue sections were observed under a laser confocal 
microscope (Nikon). The mineral apposition rate (MAR) 
was calculated by dividing the distance from the outer 
edge of red fluorescence to the outer edge of green 
fluorescence by the injection time interval of these two 
drugs.

Morphometric Analysis
According to the group allocation, dogs were 
euthanized at 4 and 12 weeks after implant surgery. 
The mandibles of the beagle dogs were removed, and 
tissue specimens containing implants were fixed in 4% 
formaldehyde for 24 hours. After an ascending series 
of alcohol dehydration, the undecalcified specimens 
were embedded in light-curing resin (Technovit 7200 
VLC, Kulzer). Blocks were sectioned buccolingually, and 
tissue sections were ground (Ekakt) to approximately 
50 μm.

After collecting the confocal images, histologic sec-
tions were stained with methylene blue–acid fuchsin 
(DB0088, Leagene) and observed under a light micro-
scope (Nikon). Full views of the implants were observed 
under a stereoscopic microscope (Zeiss). The area be-
tween two adjacent implant threads was regarded as 
the region of interest (ROI). Image analysis software 
(Image-Pro Plus 6.0, Media Cybernetics) was used to 
quantify the following parameters:

1. BIC (%): BIC was calculated by dividing the total 
length of the implant surface in direct contact with 
the bone by the whole implant perimeter.1

2. Bone volume fraction (BV/TV, %): BV/TV was 
determined as the average percentage of bone 
present in the ROI.41

Statistical Analysis
All measurement data are expressed as mean ± SD. 
Shapiro-Wilk test was used to assess data with a nor-
mal distribution. Homogeneity of variance was also 
assessed using Levene test. If data did not conform to 
normal distribution or homoscedasticity, a nonpara-
metric test (Kruskal-Wallis) was used to evaluate the 
statistical differences of intra- and intergroup data (ISQ, 
MBR, MAR, BIC, and BV/TV). Spearman correlation coef-
ficient (ρ) was used to evaluate the correlation between 
MBR and residual bone thickness as well as the corre-
lation between ISQ and BIC. Pearson correlation coef-
ficient (r) was used to evaluate the correlation between 
ISQ and MBL. Statistical analysis was performed by SPSS 
version 26.0 (IBM). P < .05 was regarded as statistically 
significant.

RESULTS

Three implants (1 of each diameter) of a dog whose 
observation time was 4 weeks showed fibrous healing 
and were excluded from the analysis. All other implants 
achieved good osseointegration.

Fig 2  Influence of implant diameter on ISQ. *P < .05, **P < .01, ***P 
< .001.
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Influence of the Implant Diameter on Implant 
Stability
Preoperative CBCT scans showed type II bone at implant 
sites, which was related to ideal primary stability. The 
primary ISQ values of the Ø3.3-, Ø4.1-, and Ø4.8-mm 
implants were 71.67 ± 2.21, 77.50 ± 2.09, and 80.55 ± 
1.77, respectively. Throughout the observation period, 
ISQ values increased except for a slight decrease for 
Ø3.3-mm implants at 4 weeks after surgery. For the final 
measurement (at 12 weeks), ISQ values of Ø3.3-, Ø4.1, 
and Ø4.8-mm implants reached 73.38 ± 2.77, 86.40 ± 
0.83, and 88.25 ± 0.65, respectively. At baseline and 
every 4 weeks after surgery, the ISQ value of Ø3.3-mm 
implants was significantly different compared to that of 
Ø4.1- and Ø4.8-mm implants (P < .05), but there was no 
significant difference between ISQ values for Ø4.1- and 
Ø4.8-mm implants (P > .05; Fig 2).

Influence of the Implant Diameter on Peri-
implant Bone Stability
Postsurgical CBCT images showed that all implants 
were in ideal positions. After 12 weeks of healing, im-
plants achieved good osseointegration (Fig 3a). The mean 

bone width (buccolingual) values of Ø3.3-, Ø4.1, and 
Ø4.8-mm implants were 5.20 ± 0.37 mm, 5.55 ± 0.41 mm, 
and 5.83 ± 0.42 mm, respectively. The residual bone 
thickness and mean MBR values of all implants are pre-
sented in Table 1. The MBR increased gradually with the 
decrease of residual bone thickness at 1 mm below the 
alveolar crest (P < .001). Because of the thinner residual 
bone thickness, the buccal MBR of Ø4.8-mm implants 
was significantly higher than that of Ø4.1-mm implants 
(P < .05; Fig 3b).

Influence of the Implant Diameter on 
Osteogenesis and Osseointegration
The confocal imaging system showed dynamic bone 
remodeling of implants, which was labeled by calcein 
and alizarin red fluorescence. The fluorescent labels 
represented the deposition of mineralized matrix at the 
injection time. At 4 weeks, there were intensive green 
and red fluorescent labels close to the implant surface 
and subperiosteal cortical bone, indicating active 
mineralization surrounding the implant and periosteum  
(Figs 4a to 4c). At 12 weeks, fluorescent labels were con-
centrated in the surrounding alveolar bone and were 
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Fig 3  Radiologic analysis. (a) CBCT images of implants in cross-sectional views. (b) MBR of Ø3.3-, Ø4.1-, and Ø4.8-mm implants in four direc-
tions (mesial, distal, buccal, and lingual). *P < .05.

Table 1  Average Bone Width, Marginal Bone Resorption (MBR), Residual Bone Thickness, and Correlation 
between MBR and Residual Bone Thickness (Spearman’s Correlation Coefficient)

Implant diameter (mm) Correlation 
between MBR 
and residual 

bone thickness 

P value
3.3 4.1 4.8

Bone width (mm) 5.20 ± 0.37 5.55 ± 0.41 5.83 ± 0.42

0.72 P < .001
Buccal Lingual Buccal Lingual Buccal Lingual

Residual bone 
thickness (mm) 0.87 ± 0.49 0.95 ± 0.40 0.82 ± 0.29 1.24 ± 0.44 0.59 ± 0.32 1.33 ± 0.35

Mean MBR (mm) 0.65 ± 0.58 0.37 ± 0.28 0.73 ± 0.37
 
Data are expressed as mean ± SD.
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less visible on the implant surface (Figs 4d to 4f ). There 
was no significant difference in MAR between the three 
implants at 4 and 12 weeks (P > .05; Fig 4g).

At 4 weeks, new bone formation was observed on 
the implant surface, as indicated by methylene blue–
acid fuchsin staining. The trabecular structure of woven 
bone connected the original bone and implant surface. 
There was an obvious boundary between new forming 
bone (orange red) and original bone (light red; Figs 5a, 
5c, and 5e). At 4 weeks, the BIC values of Ø3.3-, Ø4.1-, 
and Ø4.8-mm implants were 27.75% ± 6.62%, 40.84% 
± 5.84%, and 28.50% ± 10.72%, respectively. With the 
increase of bone mineral density, implants contacted 
the mature bone tissue directly (Figs 5b, 5d, and 5f ). 
At 12 weeks, implants achieved good osseointegra-
tion, and the BIC values of Ø3.3-, Ø4.1-, and Ø4.8-mm 
implants reached 46.91% ± 12.48%, 47.72% ± 5.22%, 
and 48.51% ± 11.43%, respectively, which were higher 
than the BIC values at 4 weeks (P < .05). There was no 

statistical difference in BIC and BV/TV values at 4 or 
12 weeks among the three implants (Figs 5g and 5h). 
The BV/TV value of Ø3.3-mm implants at 12 weeks was 
higher than that at 4 weeks (P < .01; Fig 5h).

Correlations of the ISQ with MBL and BIC
The correlation between ISQ and mean MBL in four 
directions (buccal, lingual, mesial, and distal) was ana-
lyzed at 12 weeks, and strong negative correlations 
were observed among all three implants. The correla-
tion coefficient between ISQ and MBL of the Ø3.3-, Ø4.1, 
and Ø4.8-mm implants were –0.84 (P < .01), –0.90 (P 
< .001), and –0.93 (P < .001), respectively (Fig 6a). The 
decrease of ISQ values was related to the descending 
crestal bone. The most rapid change in ISQ values was 
observed with Ø3.3-mm implants, whereas the slowest 
change was observed with Ø4.8-mm implants. There 
was no correlation between ISQ values and BIC (ρ = 0.15, 
P > .05; Fig 6b).
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Fig 4  Influence of implant diameter on bone mineral apposition 
rate (MAR). (a to f) Fluorescence double labeling, B: bone; Imp: im-
plant. The white arrows depict active bone mineralization; the white 
dotted lines identify the boundaries of implants. (g) MAR of Ø3.3-, 
Ø4.1-, and Ø4.8-mm implants at 4 and 12 weeks. 
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Fig 5  Influence of implant diameter on osseointegration. (a to f) Representative methylene blue–acid fuchsin histologic sections of Ø3.3-, 
Ø4.1-, and Ø4.8-mm implants at 4 and 12 weeks. Left: overall view of implants; middle: ×40 magnification; right: ×100 magnification. BIC (g) and 
BV/TV (h) assessment of Ø3.3-, Ø4.1-, and Ø4.8-mm implants at 4 and 12 weeks. *P < .05, **P < .01.
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DISCUSSION

Correlations among implant diameter, implant stabil-
ity, and osseointegration have been controversial.42–44 
While a wider implant achieves a greater implant sur-
face, which increases implant stability and BIC, it can 
also invade the original bone, which increases the risk 
of MBR.6 Therefore, the behaviors of implants with dif-
ferent diameters on implant stability, marginal bone 
stability, and osseointegration should be comprehen-
sively considered when choosing the optimal implant 
diameter.

In the present study, most implants achieved high 
primary stability, which may be related to the thick 
cortical bone of dogs. Regarding healing of the sur-
rounding bone, the ISQ of Ø3.3-mm implants placed 
in cancellous bone temporarily decreased at 4 weeks. 
From implant placement to 12 weeks, ISQ values of 
Ø3.3-mm implants were always lower than those of 

Ø4.1-mm and Ø4.8-mm implants, and there was no sta-
tistical difference between ISQ values in Ø4.1-mm and 
Ø4.8-mm implants, which was consistent with the find-
ings of a previous clinical study.45 The lack of difference 
in ISQ values between Ø4.1-mm and Ø4.8-mm implants 
may be related to the cortical bone placement of im-
plants. The stiffness of the implant-bone interface was 
crucial in determining the ISQ values.36

Once osseointegration of an implant begins, the 
diameter is no longer the dominant factor influencing 
implant stability.46 However, the implant diameter sig-
nificantly influences strain level and strain concentra-
tion of the alveolar crestal bone, and wider-diameter 
implants may exert excessive pressure on the buccal 
alveolar crestal bone.47 A 1-mm increase in diameter 
leads to a decrease in crestal bone level of approxi-
mately 0.11 mm.48 Compared to standard implants, 
wide-diameter implants have an excellent survival rate 
with lessened MBL.29 In the present study, postoperative 

Fig 6  Correlations of ISQ with MBL and 
BIC. (a) Correlation between ISQ and 
mean MBL at 12 weeks. (b) Correlation 
between ISQ and BIC.
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CBCT scans at 12 weeks showed various degrees of 
crestal bone resorption associated with most implants; 
this was related to the impact of the maxillary molar 
teeth of dogs. Among the three implant diameters, 
the Ø4.8-mm implants had the thinnest residual bone 
thickness, which generated the greatest MBR. When the 
available alveolar bone was adequate, narrow implants 
behaved better than wide implants in terms of main-
taining the surrounding bone mass and reducing the 
risk of gingival recession.49

At the beginning of the osseointegration process, 
osteoblasts from the trabecular bone and inner sur-
face of the cortex migrate to the implant surface.50 
After 1 week, a thin layer of osteoid forms along the 
implant and immature bone tissue is deposited along 
the original bone and implant surface.51 The immature 
bone matrix and bone lining cells together serve as the 
ossi fication center, and osteogenesis can occur simul-
taneously on the implant surface (direct osteogenesis) 
and bone margin (distant osteogenesis).52 In the pres-
ent study, double fluorescence staining showed active 
bone formation along the implant thread surface and 
distal subperiosteal cortical bone at 4 weeks, which 
confirms that osteoblasts migrate from the trabecular 
bone and subperiosteal cortical bone. Methylene blue–
acid fuchsin staining of implants showed immature wo-
ven bone along the edge of the implant thread, and the 
direction of osteogenesis extended from the surround-
ing bone tissue to the implant surface, which was con-
sistent with the findings of a previous study.53

With bone remodeling, woven bone gradually de-
posits and transforms into lamellar bone, and the me-
chanical stability of implants is gradually replaced by 
biologic stability.54 In the present study, mature bone 
tissue was in direct contact with the implant at 12 weeks, 
as observed under microscopy. Osseointegration was 
time dependent, and the BIC values of Ø3.3-, Ø4.1-, and 
Ø4.8-mm implants at 12 weeks were higher than those 
at 4 weeks. The BIC values among Ø3.3-, Ø4.1-, and 
Ø4.8-mm implants showed no significant differences 
at 4 or 12 weeks. Some studies similarly concluded that 
diameter did not influence BIC.41,44,55 Biomimetic bone 
materials were used previously to analyze the relation-
ship between implant diameter and BIC, with the same 
conclusion.56 These results may be relevant to the mea-
surement type of BIC, which cannot reflect the overall 
BIC area due to the formula mode of the 2D longitudi-
nal section of an implant.

A strong negative correlation between MBL and ISQ 
was observed in Ø3.3-, Ø4.1-, and Ø4.8-mm implants in 
this study, which was consistent with findings by Monje 
et al.1 However, there was no correlation between BIC 
and ISQ. Although RFA has been widely used as a clini-
cal parameter to evaluate implant stability, the reliabil-
ity of RFA is still controversial.18 Ito et al57 demonstrated 

that there was no correlation between BIC and RFA but 
that the marginal bone around the neck of an implant 
could more effectively impact ISQ. A statistical correla-
tion between ISQ and BIC was found in a retrospective 
clinical study.37 The different aforementioned conclu-
sions may be related to the effects of multiple factors 
on ISQ.

CONCLUSIONS

Overall, the performance of the Ø4.1- and Ø4.8-mm im-
plants was better than that of the Ø3.3-mm implants in 
terms of primary stability and subsequent secondary 
stability. This excellent performance in terms of implant 
stability is closely related to cortical bone anchorage. 
In terms of the performance of marginal bone stabil-
ity, Ø4.1-mm implants showed good peri-implant bone 
stability. Thinner original cortical bone led to greater 
bone resorption observed with Ø4.8-mm implants, and 
nonsubmerged healing contributed to the obvious 
bone resorption observed with Ø3.3-mm implants. It 
seems that before osseointegration, a narrow-diameter 
implant is more affected by the external environment 
than standard- and wide-diameter implants. During the 
early healing stage, the implant diameter may not influ-
ence BIC. RFA can be a way to assess implant stability 
and MBL, but it cannot detect the degree of osseoin-
tegration. The present study also provided insight into 
the creation of an implant surgical template that can be 
used as a reference method for future research.

This research study had some limitations. First, due 
to the small sample size of the 4-week group, statistical 
analyses of BIC and BV/TV at 4 weeks were not reliable; 
a larger sample size is needed to confirm these results. 
Second, the present study lacked occlusal load on the 
implant, and observation time was short; it would be 
interesting to study the impact of implant diameter on 
implant stability, peri-implant bone stability, and osseo-
integration over a longer period of time.
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