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Abstract

Background/purpose

Resonance frequency analysis (RFA) is clinically used in dentistry to access the stiffness of
dental implants in surrounding bone. However, the clear advantages and disadvantages of
this method are still inconclusive. The aim of this study was to investigate and compare
implant stability quotient (ISQ) values obtained from RFA with parameters obtained from a
cone beam computed tomography (CBCT) scan of the same region.

Materials and methods

Nineteen implants (Conelog) were inserted in the posterior maxillary and mandibular par-
tially edentulous regions of 16 patients. At the time of implant placement, the ISQ values
were obtained using RFA (Osstell). CBCT was used to measure the thickness of the crestal,
cortical, buccolingual cortical, and cancellous bone at 3, 6, and 9 mm below the crestal bone
level, as indicated by radiographic markers. The ratio of the thickness of the cortical to can-
cellous bone at varying depths was also calculated and classified into 4 groups (Group 1-4).

Results

There was a strong correlation between the crestal cortical bone thickness and ISQ values
(P<0.001). The thickness of the buccolingual cortical bone and ratio of the cortical to cancel-
lous bone thickness at 3 mm were significantly related to the ISQ (P =0.018 and P = 0.034,
respectively). Furthermore, the ISQs in Group 1 were the highest compared with those in
Group 2 and Group 3, whereas the CBCT parameters at 6 and 9 mm did not have any spe-
cific correlation with the 1ISQ values.

Conclusion

This study showed that the ISQ values obtained from RFA highly correlated with the quantity
and quality of bone 3 mm below the crestal bone level. The correlation between the 1ISQ and
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bone surrounding the implant site was dependent on the depth of measurement. Therefore,
RFA can help to predict the marginal bone level, as confirmed in this study.

Introduction

Dental implants are now recognized as a reliable treatment option for replacing missing teeth
[1]. Primary implant stability is a key factor that influences the survival rate of these implants
[2-4]. It is defined as an assessment of clinical movement between the bone and implant fol-
lowing its placement [5, 6]. The quality and quantity of bone can also affect primary implant
stability [7-9]. Leckholm and Zarb (L&Z) have classified bone into 4 distinct types (1-4),
based on the morphology and distribution of cancellous and cortical bone. Type 1 bone is
mostly composed of dense cortical bone, whereas Type 4 comprises mostly loose cancellous
bone [10]. Several studies have revealed a correlation between L&Z classification and primary
implant stability [11, 12]. However, this grading is subjective in nature, as it based on radio-
graphic assessments and the surgeon’s tactile sensation during osteotomy procedures. There-
fore, this classification can only be applied with mild or moderate accuracy [10, 13, 14].
Resonance frequency analysis (RFA) is a commonly used method for evaluating primary
stability [6]. RFA activates magnetic impulses that apply minute bending forces to the
implant-bone interface. The resultant values are represented by an Implant Stability Quotient
(ISQ) score, which ranges from 1 (low stability) to 100 (high stability) [2, 15-17]. RFA is
reported to be a sensitive method for detecting marginal bone loss around dental implants
[18-20]. Several clinical studies have shown a relationship between ISQ and bone density [19,
21]. The ISQ obtained from D1 bone has the highest ISQ value, while other types of bone do
not appear to correlate with the ISQ [21]. Indeed, studies have failed to establish any relation
between histological observations and RFA [22]. Therefore, it is unclear how the quantity and
quality of bone around a dental implant can be reflected by the ISQ. The purpose of this study
was to investigate and compare the ISQ obtained by RFA to CBCT parameters associated with
the thickness of the cortical and cancellous bone at varying depths below the crestal bone level.

Materials and methods

The protocol of this study was reviewed according to the principles expressed in the Declara-
tion of Helsinki and was approved by the Faculty of Dentistry and Pharmacy Board Ethics
Committee, Mahidol University (No.MU-DT/PY-IRB 2016/019.2103). The ethics committee
approved the complete date range for patient recruitment and follow-up. The authors confirm
that all ongoing and related trials for this intervention are registered. The sample size was cal-
culated using a formula to test the correlation coefficient. A previous study revealed that corti-
cal bone thickness and primary implant stability is correlated with an r of 0.6632. In this
research, it was expected that r would be 0.65; using a 2-sided type I error of 0.05 and 85%
power, a sample of 19 implants is required to test the null hypothesis of no correlation [23].

Twenty-seven were screened for the inclusion and exclusion criteria of this study (Table 1).
Sixteen subjects participated in this study, and 19 partially edentulous areas were slated to
receive dental implants at the Maxillofacial Surgery Clinic, Faculty of Dentistry, Mahidol Uni-
versity. All participants voluntarily signed their consent and participation forms prior to the
study. The flow diagram of progress through the phrases of the non-randomized control trial
is depicted in Fig 1.
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Table 1. Inclusion and exclusion criteria for the patients.

The inclusion criteria for the patients The exclusion criteria for the patients

A. Atleast 18 years old A. With previous history of chemotherapy or
radiotherapy.

B. With partially edentulous areas that needed B. Heavy smoker (more than 10 cigarettes per day).

dental implant for prosthetic restoration.

C. With adequate bone volume for implant C. Had chronic or aggressive periodontitis

placement (5.0 mm—diameter and 9 mm-—length)

D. Healthy without any uncontrolled systemic D. Under the administration of bisphosphonates.

disease.

E. Able to sign informed consent. E. Pregnant or nursing.

F. Had undergone bone grafting and soft tissue
procedures prior to the implant surgery.

G. Had undergone tooth extraction at the implant site
3 months prior to the implant surgery

https://doi.org/10.1371/journal.pone.0190293.t001

Preoperative evaluation

At the first visit, all patients were examined and considered for inclusion and exclusion crite-
ria. Intraoral impressions and panoramic radiographs were obtained to evaluate a suitable
implant location.

Radiographic assessment

Radiographic markers were filled with a gutta-percha core centered at the implant position

(5 mm diameter). Stripped lead foil was attached at the buccal, lingual, and occlusal surfaces
of the implant position as markers for radiographic reference. A radiographic stent was used
to indicate the implant position during a CBCT scan. All CBCT images were acquired with
the 3D Accuitomo 170 machine (J.Morita, Osaka, Japan) with the exposure factors of 90 kVp,
5mA and 17.5 s. The field of view of CBCT images were 6 X 6 cm, and the voxel size was
0.125 mm. In the obtained CBCT cross-sectional image, the crestal cortical bone thickness
was measured at both buccal and lingual sides (Fig 2). The slice thickness of CBCT image was
0.5 mm.

The buccolingual cortical and cancellous bone thicknesses were evaluated at 3, 6, and 9 mm
below the crestal bone level (Fig 3). Moreover, the ratio of buccolingual cortical bone thickness
to cancellous bone thickness was acquired at each level. Then, the ratio of the thickness was
classified into 4 groups (Group 1-4) which simplified the classification based on Leckholm
and Zarb. Group 1 had a ratio of more than 0.75 (75-100% was cortical bone); Group 2: 0.50-
0.75 (50-75% was cortical bone); Group 3: 0.25-0.50 (25-50% was cortical bone); and Group
4: 0-0.25 (0-25% was cortical bone). All bone parameters were evaluated twice to ensure intra-
observer reliability by single experience dentist expertise in oral maxillofacial radiology.

Surgical procedures

All surgeries were performed under local anesthesia by another single experienced dentist
expertise in oral and maxillofacial surgery. The surgeon was masked to the Full-thickness
crestal flaps were elevated with minimal extensions to reduce patient discomfort. Acrylic tem-
plate was used as a radiographic as well as surgical stent to locate the position of implant place-
ment. Implants (5 mm diameter; 9 mm length) with buttress thread and a self-tapping type
(Conelog screw-line, Promote plus, Camlog Biotechnologies AG, Basel, Switzerland) were
placed in all subjects in the posterior region along the alveolar ridge. The placement was
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Fig 1. Flow diagram of progress through the phrases of the non-randomized control trial.
https://doi.org/10.1371/journal.pone.0190293.9001

performed in all subjects with the same procedure, following the manufacturer’s instructions.
Briefly, the implant was first applied by the contra angle at low speed (30 rpm), and then,
manual insertion was performed using a locked torque wrench until the implant was fully
inserted into the subject’s alveolar bone. Afterward, a smart peg was connected to the implant
fixture, and the primary implant stability was obtained using RFA (Osstell ISQ, Osstell AB,
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Fig 2. Schematic measurement of the crestal cortical bone thickness from a mandibular cross-
sectional CBCT image (0.5 mm slice thickness).

https://doi.org/10.1371/journal.pone.0190293.g002

Gothenberg, Sweden). The RFA measurement was performed at four orientations, i.e., buccal,
lingual, mesial, and distal sides, and the ISQ values were noted. Then, the healing cap was
inserted, and the soft tissue closure was sutured in flaps with VICRYL 4-0. Post-surgical
instructions were given to all subjects; medications included antibiotics coverage with 500 mg-
amoxicillin to be taken three times a day after meals for one week following surgery. If they
were allergic to amoxicillin, the clindamycin 300 mg was given instead. An analgesic, 400 mg
ibuprofen, was prescribed to minimize patient’s discomfort.

Statistical analysis

A statistical software program (SPSS for Window, version 22; SPSS, Inc., Chicago, IL, USA)
was used for statistical analysis. The ISQ, thickness of the crestal cortical, buccolingual cortical,
and cancellous bone as well as the ratio of thickness of the cortical to cancellous bone were cal-
culated and are presented as the mean + standard deviation (SD).

The Kolmogorov-Smirnov test was used to analyze the normality of all variables. The
correlation between the primary dental implant stability and (1) cortical and cancellous bone
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Fig 3. Schematic measurement of bone thickness at the depths of 3, 6 and 9 mm. The buccolingual
cortical bone thickness (yellow line) and the cancellous bone thickness (cyan line) were measured from a
cross-sectional image of the mandible.

https://doi.org/10.1371/journal.pone.0190293.9003

thickness (2) and the ratio of the cortical to cancellous bone thickness were evaluated with
Spearman’s rank correlation. A P-value of less than 0.05 was considered statistically
significant.

Results

Sixteen (7 males and 9 females) patients participated until the end of this study. After treat-
ment planning, 19 implants were treated (17 implants in the posterior mandible and 2
implants in the posterior maxilla). The mean age of the patients was 51.13 years. The distribu-
tion of each age group and period of tooth loss are shown in S1 and S2 Tables. The mean ISQ
of the 19 sites was 75.29 + 8.76. The mean ISQ for the posterior mandible was 74.37 + 8.79 and
for the posterior maxilla was 83.12 + 2.3 (11.76% higher). The average male and female ISQ
values were 78.92 and 72.02 (9.58% higher), respectively.
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Table 2. Mean thickness of crestal cortical, buccolingual cortical, and cancellous bone and ratio of the thickness of cortical to cancellous bone 3,
6 and 9 mm below the crestal bone level in all patients.

Variable

1SQ

Crestal cortical bone thickness

Buccolingual cortical bone thickness at 3 mm

Buccolingual cortical bone thickness at 6 mm

Buccolingual cortical bone thickness at 9 mm

Cancellous bone thickness at 3 mm

Cancellous bone thickness at 6 mm

Cancellous bone thickness at 9 mm

Ratio of cortical bone to cancellous bone thickness at 3 mm
Ratio of cortical bone to cancellous bone thickness at 6 mm
Ratio of cortical bone to cancellous bone thickness at 9 mm

Mean = SD

All (n=19) Male (n =9) Female (n =10)
75.29+8.76 78.92 +5.26 72.02+10.18
1.41+0.48 1.52+0.27 1.31+0.61
3.73+0.89 3.83+0.94 3.63+0.87
4.44+0.72 4.32+0.37 4.54 +0.94
5.35+1.03 5.05+0.79 5.61+1.18
6.15+1.69 6.14 £1.63 6.16 £1.83
7.06 £2.07 7.05+2.7 7.08+1.45
6.73+2.12 6.48 £2.63 6.95+1.65
0.64+0.2 0.64+£0.16 0.64 £0.25
0.69+0.29 0.72+0.35 0.67+0.24
0.92+0.49 0.98 £ 0.65 0.86 +0.33

I1SQ, Implant Stability Quotient

https://doi.org/10.1371/journal.pone.0190293.t1002

Average crestal cortical, buccolingual cortical, and cancellous bone
thickness

The intra-observer reliability for all variable showed intra-class correlation coefficients (ICCs)
greater than 0.986. The crestal cortical bone width from all patients was 1.41 + 0.48 mm. The
crestal bone in males was wider than that of female patients (1.52 £ 0.27 mm and 1.31 + 0.61
mm, respectively). The buccolingual cortical and cancellous bone thicknesses, along with the
ratio of thickness of the cortical to cancellous bone 3, 6, and 9 mm below the crestal bone level,
are listed in Table 2.

Correlation between 1SQ values and thickness of crestal cortical,
buccolingual cortical, and cancellous bone and ratio of the thickness of
cortical to cancellous bone

There was a significant positive correlation between the crestal cortical bone thickness and
ISQ atr = 0.885 (P < 0.001). Similarly, the buccolingual cortical bone thickness at 3 mm

was significantly related to ISQ (P = 0.018). However, there were no significant differences
between the buccolingual cortical bone thickness at 6 and 9 mm below the crestal bone and
ISQ (P = 0.495, P = 0.373). No correlations were observed between cancellous bone thickness
at 3, 6 and 9 mm and ISQ values. (P = 0.697, P = 0.293 and P = 0.056, respectively).

The proportion of cortical bone to cancellous bone was indicated by the ratio of their thick-
nesses. A positive correlation was found between the ratio of cortical to cancellous bone thick-
ness at 3 mm and ISQ (P = 0.034), but no correlation was noted at 6 and 9 mm (P = 0.399,

P =0.082) (Table 3).

Ratio of cortical bone to trabecular bone thickness at 3, 6 and 9 mm

In this study, a simplified classification based on Leckholm and Zarb was used to classify the
bone types into 4 groups. Group 1 had a ratio greater than 0.75 (0-25% of the total bone thick-
ness is cancellous bone, while 75-100% is cortical bone); Group 2: 0.50-0.75 (25-50% of the
total bone thickness is cancellous bone, while 50-75% is cortical bone); Group 3: 0.25-0.50
(50-75% of the total bone thickness is cancellous bone, while 25-50% is cortical bone); and
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Table 3. Correlation between ISQ values and thickness of the crestal cortical, buccolingual cortical,
and cancellous bone and ratio of the thickness of the cortical to cancellous bone in all patients.

Variables Correlation between ISQ and
variables

Total implant sites (n = 19)

r P-value
Crestal cortical bone thickness 0.885 <0.001®
Buccolingual cortical bone thickness at 3 mm 0.535 0.018
Buccolingual cortical bone thickness at 6 mm 0.167 0.495
Buccolingual cortical bone thickness at 9 mm 0.217 0.373
Cancellous bone thickness at 3 mm -0.096 0.697
Cancellous bone thickness at 6 mm -0.254 0.293
Cancellous bone thickness at 9 mm -0.446 0.056
Ratio of cortical bone to cancellous bone thickness at 3 mm 0.488 0.034%
Ratio of cortical bone to cancellous bone thickness at 6 mm 0.205 0.399
Ratio of cortical bone to cancellous bone thickness at 9 mm 0.409 0.082

8Correlation significant at p value <0.05 (two-tailed)
1SQ, Implant Stability Quotient

https://doi.org/10.1371/journal.pone.0190293.t003

Group 4: 0-0.25 (75-100% of the total bone thickness is cancellous bone, while 0-25% is corti-
cal bone). Only at 3 mm below the crestal bone, the ISQ in Group 1 was the highest, compared
with the ISQs in Group 2 and Group 3 (Group 1 > Group 2 > Group 3). The bone parameters
at 6 and 9 mm did not yield such graded scores of ISQs. In this study, the Group 4 bone type
was not found (Table 4)

Discussion
Primary implant stability is mechanically attained immediately after implant placement [24].

Implant stability can be affected by induced micro-movements when the force is loaded onto

Table 4. Correlation between the ratio of the thickness of cortical and cancellous bone at varying
depths below the crestal bone level and I1SQ.

Ratio of thickness of cortical and cancellous bone Number Mean + SD
At 3mm
* Group 1:>0.7501 6 80.54+7.11
* Group 2: 0.5001-0.75 7 73.53+9.45
* Group 3: 0.2501-0.50 6 72.08 +8.28
* Group 4: 0.0001-0.25 0 0
At 6mm
* Group 1: >0.7501 4 83.19+2.30
* Group 2: 0.5001-0.75 9 71.80+10.51
* Group 3: 0.2501-0.50 6 75.25+4.93
* Group 4: 0.0001-0.25 0 0
At9mm
* Group 1: >0.7501 10 78.40+6.41
e Group 2: 0.5001-0.75 8 71.53+10.69
* Group 3: 0.2501-0.50 1 74.25+0
* Group 4: 0.0001-0.25 0 0

https://doi.org/10.1371/journal.pone.0190293.t1004
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the implant fixture. For instance, non-axial forces can lead to microscopic drifting of the
implant, following which, the implant returns to the original position when the loading
forces are unloaded [15]. If the implant is insufficiently stabilized at the time of placement, a
fibrous tissue capsule can form instead of bone, which can then lead to failure of osseointe-
gration and subsequent implant failure [2, 25]. The factors that can influence primary
implant stability are the surface and macroscopic design of the implant, surgical techniques,
and bone quality around the implant site [7, 8]. In our study, implants from a single manu-
facturer with identical size and shape were used. Furthermore, the osteotomy and implant
placement were performed by a single experienced surgeon using the same protocol. There-
fore, the only factor that should have affected the implant stability in our study was the bone
quality in each patient.

The average ISQ value was 75.29 + 8.76 (range from 53.5 to 85.5). The mean ISQ obtained
from the present study was considered a good primary implant stability according to several
studies that reported a high success rate of immediate and early loading with an ISQ value
greater than 60-65 [26, 27]. It is also clear that implant stability is high when the implant is
placed in good-quality bone [28]. Joe Merheb et al. and Miyamoto et al. demonstrated that a
good crestal cortical bone thickness before implant treatment may be predictive of high pri-
mary implant stability and prognosis [29, 30]. In addition, previous studies conducted in syn-
thetic bone models and human cadavers confirmed a positive correlation between primary
implant stability and crestal bone width around the implants [28, 31]. The implant design
should be considered one of the factors affecting stability and clinical outcomes. Our results
demonstrated that using the self-tapping design for dental implant placement yields high ISQ
values compared with those from non-self-tapping implants [6, 32]. None of clinical study has
investigated an implant design and yielded ISQ value. Nevertheless, a study in a simulated con-
dition of immediate loading with an axial force reported that an implant with square threads
showed the best ability to resist micromotion, followed (in order) by implants with trapezoidal
threads, V-shaped threads, and buttress-type threads [33].

RFA, activated by magnetic impulses, determines the firmness of the implant-bone inter-
face [34]. The resonance frequency is measured in kHz and is represented numerically by the
ISQ (1-100); a higher ISQ indicates a more stable implant [15, 35]. Evaluations of marginal
bone levels from radiographs after a 20-month follow-up revealed that minor changes in the
marginal bone level can significantly lower the ISQ. RFA is a well-noted non-invasive tech-
nique that is sensitive for detecting marginal bone loss [36]. Furthermore, it was reported to be
a practical and economical tool to provide valuable information about the implant-bone inter-
face at any stage of dental implant treatment [15].

In the present study, we demonstrated that crestal cortical bone thickness was highly corre-
lated with ISQ. Furthermore, there was a significant positive correlation between ISQ and buc-
colingual cortex width and ratio of the thickness of cortical to cancellous bone thickness at 3
mm. This finding confirmed the relevance of using ISQ values to clinically indicate bone quan-
tity around an implant site. In RFA, the length of the vibrating bar is one of the factors that
affect the vibration frequency, thereby changing the ISQ. When embedding an implant in a
block at different heights, the RFA value appeared to change accordingly [37]. In the present
study, only the bone parameters at 3 mm below the crestal bone level could be significantly
correlated with the ISQ. Moreover, results from a simulation experiment reported that loosen-
ing only at the neck region of the implant could decrease the RFA measurement compared
with other deeper regions of the implant [22]. Thus, we speculated that the bone morphology
at 6 and 9 mm below the crestal bone may not be able to properly reflect the vibration fre-
quency under normal physiological conditions. In addition, it was observed that only at the

PLOS ONE | https://doi.org/10.1371/journal.pone.0190293 December 27, 2017 9/14


https://doi.org/10.1371/journal.pone.0190293

@ PLOS | one

Correlation of alveolar thickness and implant stability

level of 3 mm, the ISQ values corresponded well to the simplified bone type classification used
in this study. Further studies are inevitably required, as there has not been any clinical study
investigating the relation between RFA and the cortical and cancellous bone volume ratio at
varying depths.

In the present study, the ISQs at the posterior maxilla was observed to be 11.76% higher
than those at the posterior mandible, in contrast with several earlier reports that have
reported higher ISQs in the mandible compared with the maxilla [30, 38-40]. Our contra-
dicting result might have been due to too few samples from the posterior maxilla (2 out of
total 19 implants) therefore, should be treated as a variation of ISQ values obtained from
human maxilla. It was also notable that the mean ISQ in men was higher than that in women,
which corresponded to previous studies [38, 41]. Similar findings were observed regarding
crestal bone thickness and bone width, as males generally have a thicker and wider bone
structure than females have.

After tooth extraction, bone formation and bone remodeling continue in the next 3
months. The socket was filled with the layers of lamellar bone after 3-6 months of extraction
while marginal portion of the extracted socket will be covered by a hard tissue bridge, as
known as corticalization. In the clinic, loss of alveolar crest height can be clearly observed dur-
ing the first 3 months after extraction. Nevertheless, studies have reported that the size of sock-
ets was almost unchanged from 3 to 12 months after extraction and it is mostly occupied by an
increased bone marrow within 6 months [42-44]. In the present study, more than 50% of the
implants were placed 3 to 6 months after tooth extraction, another was in a group 7-12 months
after extraction. We observed their bone quality on CBCT and found that the crestal bone and
cancellous bone quality in both groups were mostly recovered. In addition, we separately cal-
culated the ISQ between these two groups, the results showed that average ISQ values from
each groups were above 70 and not significantly different. These results demonstrated that the
period of tooth loss may not be a sole factor suggesting the primary stability because other fac-
tors such as bone thickness and implant design can counteract and provide good primary sta-
bility, which is likely to yield a successful clinical outcome.

One of limitations of the present study was a small group of eligible implants placement in
maxilla. We could only collect a few results from posterior region of the maxilla, which were
not sufficient for statistical analysis. It was one of the uncontrolled factors from participant.
Further study including more implant placement in maxilla is required to clarify this point.
Another limitation was the number of implants between genders. Noted, significant differ-
ences in bone thickness at each depth were shown between genders, however, results could not
be separately analyzed. We suggest a further investigation of ISQ value and jawbone quality in
a greater sample size in female or male only. Furthermore, there was a lack of information
about ISQ value compared to jawbone quality in pre- and post-menopause stages; however, it
is not within the scope of this present study.

Conclusion

Despite limitations, the present study demonstrated that the ISQ value from RFA was highly
correlated with (1) crestal cortex thickness, (2) buccolingual cortical bone width and (3) the
ratio of cortical to cancellous bone thickness as observed from a CBCT scan. The current find-
ings can be employed for the development of objective measurements to predict the primary
implant stability before implant placement by measuring the crestal cortex thickness, the buc-
colingual cortical bone width and the ratio of cortical bone to cancellous bone thickness 3 mm
below the crestal bone.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190293 December 27, 2017 10/14


https://doi.org/10.1371/journal.pone.0190293

@ PLOS | one

Correlation of alveolar thickness and implant stability

Supporting information
S1 Table. The distribution of patient age-groups.
(PDF)

S2 Table. The distribution of the duration of tooth loss before implant placement.
(PDF)

S1 File. TREND checklist.
(PDF)

S$2 File. The study protocol (Thai version).
(PDF)

S3 File. The study protocol (English version).
(PDF)

Acknowledgments

The authors acknowledged associate professor Dr. Suchaya Pornprasertsuk-Damrongsri, and
Dr. Penporn Luangchana for their excellent advises. We would like to thank all staffs in the
department of oral and maxillofacial surgery and dental implantology center, faculty of den-
tistry, Mahidol University. The research project was supported by Mahidol University and
Master of Science program in implant dentistry, faculty of dentistry, Mahidol University.

Author Contributions
Conceptualization: Dutmanee Seriwatanachai.
Funding acquisition: Dutmanee Seriwatanachai.

Investigation: Kanthanat Chatvaratthana, Sita Thaworanunta, Dutmanee Seriwatanachai,
Natthamet Wongsirichat.

Methodology: Kanthanat Chatvaratthana, Sita Thaworanunta.

Resources: Kanthanat Chatvaratthana, Dutmanee Seriwatanachai, Natthamet Wongsirichat.
Supervision: Dutmanee Seriwatanachai, Natthamet Wongsirichat.

Validation: Natthamet Wongsirichat.

Visualization: Kanthanat Chatvaratthana, Dutmanee Seriwatanachai.

Writing - original draft: Kanthanat Chatvaratthana.

Writing - review & editing: Sita Thaworanunta, Dutmanee Seriwatanachai, Natthamet
Wongsirichat.

References

1. Porter JA, von Fraunhofer JA. Success or failure of dental implants? A literature review with treatment
considerations. Gen Dent. 2005; 53(6):423-32; quiz 33, 46. PMID: 16366052.

2. Meredith N. Assessment of implant stability as a prognostic determinant. Int J Prosthodont. 1998;
11(5):491-501. PMID: 9922740.

3. Trisi P, De Benedittis S, Perfetti G, Berardi D. Primary stability, insertion torque and bone density of
cylindric implant ad modum Branemark: is there a relationship? An in vitro study. Clin Oral Implants
Res. 2011; 22(5):567-70. https://doi.org/10.1111/j.1600-0501.2010.02036.x PMID: 21087320.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190293 December 27, 2017 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190293.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190293.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190293.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190293.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190293.s005
http://www.ncbi.nlm.nih.gov/pubmed/16366052
http://www.ncbi.nlm.nih.gov/pubmed/9922740
https://doi.org/10.1111/j.1600-0501.2010.02036.x
http://www.ncbi.nlm.nih.gov/pubmed/21087320
https://doi.org/10.1371/journal.pone.0190293

@ PLOS | one

Correlation of alveolar thickness and implant stability

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Rabel A, Kohler SG, Schmidt-Westhausen AM. Clinical study on the primary stability of two dental
implant systems with resonance frequency analysis. Clin Oral Investig. 2007; 11(3):257-65. https://doi.
org/10.1007/s00784-007-0115-2 PMID: 17401588.

O’Sullivan D, Sennerby L, Jagger D, Meredith N. A comparison of two methods of enhancing implant
primary stability. Clin Implant Dent Relat Res. 2004; 6(1):48-57. PMID: 15595709.

O’Sullivan D, Sennerby L, Meredith N. Measurements comparing the initial stability of five designs of
dental implants: a human cadaver study. Clin Implant Dent Relat Res. 2000; 2(2):85-92. PMID:
11359268.

Elias CN, Rocha FA, Nascimento AL, Coelho PG. Influence of implant shape, surface morphology, sur-
gical technique and bone quality on the primary stability of dental implants. J Mech Behav Biomed
Mater. 2012; 16:169-80. https://doi.org/10.1016/j.jmbbm.2012.10.010 PMID: 23182386.

Javed F, Romanos GE. The role of primary stability for successful immediate loading of dental implants.
A literature review. J Dent. 2010; 38(8):612—20. https://doi.org/10.1016/j.jdent.2010.05.013 PMID:
20546821.

Turkyilmaz |, Tumer C, Ozbek EN, Tozum TF. Relations between the bone density values from comput-
erized tomography, and implant stability parameters: a clinical study of 230 regular platform implants. J
Clin Periodontol. 2007; 34(8):716—22. https://doi.org/10.1111/1.1600-051X.2007.01112.x PMID:
17635248.

Leckholm U, Zarb GA. Patient selection and preperation. In: Branemark P.1., Zarb G.A. & Albreaktsson
T., eds. Tissue integrated dental prostheses: Osseointegration in Clinical Dentistry. Quintessence Int.
1985:199-209.

Ribeiro-Rotta RF, de Oliveira RC, Dias DR, Lindh C, Leles CR. Bone tissue microarchitectural charac-
teristics at dental implant sites part 2: correlation with bone classification and primary stability. Clin Oral
Implants Res. 2014; 25(2):e47-53. https://doi.org/10.1111/clr.12046 PMID: 23106552.

Linck GK, Ferreira GM, De Oliveira RC, Lindh C, Leles CR, Ribeiro-Rotta RF. The Influence of Tactile
Perception on Classification of Bone Tissue at Dental Implant Insertion. Clin Implant Dent Relat Res.
2016; 18(3):601-8. https://doi.org/10.1111/cid. 12341 PMID: 25850635.

Degidi M, Daprile G, Piattelli A. Determination of primary stability: a comparison of the surgeon’s per-
ception and objective measurements. Int J Oral Maxillofac Implants. 2010; 25(3):558-61. PMID:
20556255.

Bischof M, Nedir R, Szmukler-Moncler S, Bernard JP, Samson J. Implant stability measurement of
delayed and immediately loaded implants during healing. Clin Oral Implants Res. 2004; 15(5):529-39.
https://doi.org/10.1111/j.1600-0501.2004.01042.x PMID: 15355394.

Sennerby L, Meredith N. Implant stability measurements using resonance frequency analysis: biological
and biomechanical aspects and clinical implications. Periodontol 2000. 2008; 47:51-66. https://doi.org/
10.1111/j.1600-0757.2008.00267.x PMID: 18412573.

Atsumi M, Park SH, Wang HL. Methods used to assess implant stability: current status. The Interna-
tional journal of oral & maxillofacial implants. 2007; 22(5):743-54. PMID: 17974108.

Greenstein G, Cavallaro J. Implant Insertion Torque: Its Role in Achieving Primary Stability of Restor-
able Dental Implants. Compend Contin Educ Dent. 2017; 38(2):88-95; quiz 6. PMID: 28156122.

Turkyilmaz I, Sennerby L, Tumer C, Yenigul M, Avci M. Stability and marginal bone level measurements
of unsplinted implants used for mandibular overdentures: a 1-year randomized prospective clinical
study comparing early and conventional loading protocols. Clin Oral Implants Res. 2006; 17(5):501-5.
https://doi.org/10.1111/j.1600-0501.2006.01261.x PMID: 16958688.

Sennerby L, Andersson P, Verrocchi D, Viinamaki R. One-year outcomes of Neoss bimodal implants. A
prospective clinical, radiographic, and RFA study. Clin Implant Dent Relat Res. 2012; 14(3):313-20.
https://doi.org/10.1111/j.1708-8208.2010.00273.x PMID: 20345985.

Meredith N, Book K, Friberg B, Jemt T, Sennerby L. Resonance frequency measurements of implant
stability in vivo. A cross-sectional and longitudinal study of resonance frequency measurements on
implants in the edentulous and partially dentate maxilla. Clin Oral Implants Res. 1997; 8(3):226-33.
PMID: 9586467.

Barewal RM, Oates TW, Meredith N, Cochran DL. Resonance frequency measurement of implant sta-
bility in vivo on implants with a sandblasted and acid-etched surface. The International journal of oral &
maxillofacial implants. 2003; 18(5):641-51. PMID: 14579951.

Ito Y, Sato D, Yoneda S, Ito D, Kondo H, Kasugai S. Relevance of resonance frequency analysis to
evaluate dental implant stability: simulation and histomorphometrical animal experiments. Clin Oral
Implants Res. 2008; 19(1):9-14. https://doi.org/10.1111/j.1600-0501.2007.01419.x PMID: 17986265.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190293 December 27, 2017 12/14


https://doi.org/10.1007/s00784-007-0115-2
https://doi.org/10.1007/s00784-007-0115-2
http://www.ncbi.nlm.nih.gov/pubmed/17401588
http://www.ncbi.nlm.nih.gov/pubmed/15595709
http://www.ncbi.nlm.nih.gov/pubmed/11359268
https://doi.org/10.1016/j.jmbbm.2012.10.010
http://www.ncbi.nlm.nih.gov/pubmed/23182386
https://doi.org/10.1016/j.jdent.2010.05.013
http://www.ncbi.nlm.nih.gov/pubmed/20546821
https://doi.org/10.1111/j.1600-051X.2007.01112.x
http://www.ncbi.nlm.nih.gov/pubmed/17635248
https://doi.org/10.1111/clr.12046
http://www.ncbi.nlm.nih.gov/pubmed/23106552
https://doi.org/10.1111/cid.12341
http://www.ncbi.nlm.nih.gov/pubmed/25850635
http://www.ncbi.nlm.nih.gov/pubmed/20556255
https://doi.org/10.1111/j.1600-0501.2004.01042.x
http://www.ncbi.nlm.nih.gov/pubmed/15355394
https://doi.org/10.1111/j.1600-0757.2008.00267.x
https://doi.org/10.1111/j.1600-0757.2008.00267.x
http://www.ncbi.nlm.nih.gov/pubmed/18412573
http://www.ncbi.nlm.nih.gov/pubmed/17974108
http://www.ncbi.nlm.nih.gov/pubmed/28156122
https://doi.org/10.1111/j.1600-0501.2006.01261.x
http://www.ncbi.nlm.nih.gov/pubmed/16958688
https://doi.org/10.1111/j.1708-8208.2010.00273.x
http://www.ncbi.nlm.nih.gov/pubmed/20345985
http://www.ncbi.nlm.nih.gov/pubmed/9586467
http://www.ncbi.nlm.nih.gov/pubmed/14579951
https://doi.org/10.1111/j.1600-0501.2007.01419.x
http://www.ncbi.nlm.nih.gov/pubmed/17986265
https://doi.org/10.1371/journal.pone.0190293

@ PLOS | one

Correlation of alveolar thickness and implant stability

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Song YD, Jun SH, Kwon JJ. Correlation between bone quality evaluated by cone-beam computerized
tomography and implant primary stability. The International journal of oral & maxillofacial implants.
2009; 24(1):59-64. PMID: 19344026.

Szmukler-Moncler S, Salama H, Reingewirtz Y, Dubruille JH. Timing of loading and effect of micromo-
tion on bone-dental implant interface: review of experimental literature. J Biomed Mater Res. 1998;
43(2):192—203. PMID: 9619438.

Buchter A, Kleinheinz J, Joos U, Meyer U. [Primary implant stability with different bone surgery tech-
niques. An in vitro study of the mandible of the minipig]. Mund Kiefer Gesichtschir. 2003; 7(6):351-5.
https://doi.org/10.1007/s10006-003-0504-x PMID: 14648251.

Ostman PO, Hellman M, Sennerby L. Direct implant loading in the edentulous maxilla using a bone den-
sity-adapted surgical protocol and primary implant stability criteria for inclusion. Clin Implant Dent Relat
Res. 2005; 7 Suppl 1:560-9. PMID: 16137089.

Gallucci GO, Benic Gl, Eckert SE, Papaspyridakos P, Schimmel M, Schrott A, et al. Consensus state-
ments and clinical recommendations for implant loading protocols. The International journal of oral &
maxillofacial implants. 2014; 29 Suppl:287—90. https://doi.org/10.11607/jomi.2013.g4 PMID: 24660204.

Hsu JT, Fuh LJ, Tu MG, Li YF, Chen KT, Huang HL. The effects of cortical bone thickness and trabecu-
lar bone strength on noninvasive measures of the implant primary stability using synthetic bone models.
Clin Implant Dent Relat Res. 2013; 15(2):251-61. https://doi.org/10.1111/j.1708-8208.2011.00349.x
PMID: 21599830.

Merheb J, Van Assche N, Coucke W, Jacobs R, Naert |, Quirynen M. Relationship between cortical
bone thickness or computerized tomography-derived bone density values and implant stability. Clin
Oral Implants Res. 2010; 21(6):612-7. https://doi.org/10.1111/j.1600-0501.2009.01880.x PMID:
20666788.

Miyamoto |, Tsuboi Y, Wada E, Suwa H, lizuka T. Influence of cortical bone thickness and implant
length on implant stability at the time of surgery—clinical, prospective, biomechanical, and imaging
study. Bone. 2005; 37(6):776-80. https://doi.org/10.1016/j.bone.2005.06.019 PMID: 16154396.

Roze J, Babu S, Saffarzadeh A, Gayet-Delacroix M, Hoornaert A, Layrolle P. Correlating implant stabil-
ity to bone structure. Clin Oral Implants Res. 2009; 20(10):1140-5. https://doi.org/10.1111/j.1600-0501.
2009.01745.x PMID: 19519789.

Markovic A, Calvo-Guirado JL, Lazic Z, Gomez-Moreno G, Calasan D, Guardia J, et al. Evaluation of
primary stability of self-tapping and non-self-tapping dental implants. A 12-week clinical study. Clin
Implant Dent Relat Res. 2013; 15(3):341-9. https://doi.org/10.1111/j.1708-8208.2011.00415.x PMID:
22171668.

Chang PK, Chen YC, Huang CC, Lu WH, Chen YC, Tsai HH. Distribution of micromotion in implants
and alveolar bone with different thread profiles in immediate loading: a finite element study. The Interna-
tional journal of oral & maxillofacial implants. 2012; 27(6):e96—101. Epub 2012/11/29. PMID: 23189316.

Valderrama P, Oates TW, Jones AA, Simpson J, Schoolfield JD, Cochran DL. Evaluation of two differ-
ent resonance frequency devices to detect implant stability: a clinical trial. J Periodontol. 2007; 78
(2):262—72. https://doi.org/10.1902/jop.2007.060143 PMID: 17274715.

Herrero-Climent M, Albertini M, Rios-Santos JV, Lazaro-Calvo P, Fernandez-Palacin A, Bullon P. Reso-
nance frequency analysis-reliability in third generation instruments: Osstell mentor(R). Med Oral Patol
Oral Cir Bucal. 2012; 17(5):e801-6. https://doi.org/10.4317/medoral. 17861 PMID: 22322519.

Friberg B, Sennerby L, Meredith N, Lekholm U. A comparison between cutting torque and resonance
frequency measurements of maxillary implants. A 20-month clinical study. Int J Oral Maxillofac Surg.
1999; 28(4):297-303. PMID: 10416900.

Meredith N, Alleyne D, Cawley P. Quantitative determination of the stability of the implant-tissue inter-
face using resonance frequency analysis. Clin Oral Implants Res. 1996; 7(3):261-7. PMID: 9151590.

Tatli U, Salimov F, Kurkcu M, Akoglan M, Kurtoglu C. Does cone beam computed tomography-derived
bone density give predictable data about stability changes of immediately | oaded implants?: A 1-year
resonance frequency follow-up study. J Craniofac Surg. 2014; 25(3):e293-9. https://doi.org/10.1097/
SCS.0000000000000727 PMID: 24799099.

Fuster-Torres MA, Penarrocha-Diago M, Penarrocha-Oltra D, Penarrocha-Diago M. Relationships
between bone density values from cone beam computed tomography, maximum insertion torque, and
resonance frequency analysis at implant placement: a pilot study. Int J Oral Maxillofac Implants. 2011;
26(5):1051-6. PMID: 22010089.

Balleri P, Cozzolino A, Ghelli L, Momicchioli G, Varriale A. Stability measurements of osseointegrated
implants using Osstell in partially edentulous jaws after 1 year of loading: a pilot study. Clin Implant Dent
Relat Res. 2002; 4(3):128-32. PMID: 12516644.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190293 December 27, 2017 13/14


http://www.ncbi.nlm.nih.gov/pubmed/19344026
http://www.ncbi.nlm.nih.gov/pubmed/9619438
https://doi.org/10.1007/s10006-003-0504-x
http://www.ncbi.nlm.nih.gov/pubmed/14648251
http://www.ncbi.nlm.nih.gov/pubmed/16137089
https://doi.org/10.11607/jomi.2013.g4
http://www.ncbi.nlm.nih.gov/pubmed/24660204
https://doi.org/10.1111/j.1708-8208.2011.00349.x
http://www.ncbi.nlm.nih.gov/pubmed/21599830
https://doi.org/10.1111/j.1600-0501.2009.01880.x
http://www.ncbi.nlm.nih.gov/pubmed/20666788
https://doi.org/10.1016/j.bone.2005.06.019
http://www.ncbi.nlm.nih.gov/pubmed/16154396
https://doi.org/10.1111/j.1600-0501.2009.01745.x
https://doi.org/10.1111/j.1600-0501.2009.01745.x
http://www.ncbi.nlm.nih.gov/pubmed/19519789
https://doi.org/10.1111/j.1708-8208.2011.00415.x
http://www.ncbi.nlm.nih.gov/pubmed/22171668
http://www.ncbi.nlm.nih.gov/pubmed/23189316
https://doi.org/10.1902/jop.2007.060143
http://www.ncbi.nlm.nih.gov/pubmed/17274715
https://doi.org/10.4317/medoral.17861
http://www.ncbi.nlm.nih.gov/pubmed/22322519
http://www.ncbi.nlm.nih.gov/pubmed/10416900
http://www.ncbi.nlm.nih.gov/pubmed/9151590
https://doi.org/10.1097/SCS.0000000000000727
https://doi.org/10.1097/SCS.0000000000000727
http://www.ncbi.nlm.nih.gov/pubmed/24799099
http://www.ncbi.nlm.nih.gov/pubmed/22010089
http://www.ncbi.nlm.nih.gov/pubmed/12516644
https://doi.org/10.1371/journal.pone.0190293

@ PLOS | one

Correlation of alveolar thickness and implant stability

41.

42,

43.

44.

Turkyilmaz |, McGlumphy EA. Influence of bone density on implant stability parameters and implant
success: a retrospective clinical study. BMC Oral Health. 2008; 8:32. https://doi.org/10.1186/1472-
6831-8-32 PMID: 19025637.

Irinakis T. Rationale for socket preservation after extraction of a single-rooted tooth when planning for
future implant placement. J Can Dent Assoc. 2006; 72(10):917-22. PMID: 17187706.

Schropp L, Wenzel A, Kostopoulos L, Karring T. Bone healing and soft tissue contour changes following
single-tooth extraction: a clinical and radiographic 12-month prospective study. Int J Periodontics
Restorative Dent. 2003; 23(4):313-23. PMID: 12956475.

Cardaropoli G, Araujo M, Lindhe J. Dynamics of bone tissue formation in tooth extraction sites. An
experimental study in dogs. J Clin Periodontol. 2003; 30(9):809—-18. PMID: 12956657.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190293 December 27, 2017 14/14


https://doi.org/10.1186/1472-6831-8-32
https://doi.org/10.1186/1472-6831-8-32
http://www.ncbi.nlm.nih.gov/pubmed/19025637
http://www.ncbi.nlm.nih.gov/pubmed/17187706
http://www.ncbi.nlm.nih.gov/pubmed/12956475
http://www.ncbi.nlm.nih.gov/pubmed/12956657
https://doi.org/10.1371/journal.pone.0190293



