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Abstract: Purpose: The aim of this study was to evaluate the accuracy of high-frequency ultrasound
(HFUS) for measurement of bone thickness surrounding dental implants. Methods: Eight porcine
bone samples containing dental implants were scanned by a HFUS scanner and compared using
cone-beam computed tomography (CBCT) and an optical scanner. Bone thickness was measured
in the buccolingual region of dental implants in 10 points distributed between the platform and
apical portion of the implant. Results: The mean measurement error for the ultrasound method was
0.11 mm, whereas CBCT showed a measurement error of 0.20 mm. For both devices, the maximal
measurement error was 0.28 mm. Conclusion: Within the simulated limited conditions of this study,
high-frequency ultrasound, with optical scanning used as a reference, presented higher accuracy in
comparison to CBCT, and seems to be a promising tool for measuring peri-implant bone.
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1. Introduction

The success of a dental implant rehabilitation depends on the health of hard and soft peri-implant
tissues [1]. In order to achieve an optimal functional and aesthetic result, total coverage of the dental
implant by bone is required [2,3], since there is strong correlation between bone thickness and primary
implant stability [4]. Furthermore, in cases in which the bone thickness is lower than 1 mm, gingival
recession may occur and result in a negative aesthetic appearance [5].

After implant surgery, bone remodeling resulting from a biological process is expected, and
studies have shown that the amount of vertical bone is variable considering biological and mechanical
aspects [6–8]. However, in the case of serious complications, bone resorption may be advanced and
result in loss of osseointegration and subsequent implant failure [9]. These slight changes in bone
volume may be detected early by using diagnostic imaging to monitor the peri-implant bone—an
important step in follow-up visits [10].

As cone-beam computed tomography (CBCT) is capable of providing cross-sectional images, it is
considered the gold-standard method for imaging peri-implant bone, and may be useful for assessing
the peri-implant tissues and implant situation after the procedure [1,11]. However, the occurrence of
artifacts in the presence of dental implants may jeopardize visualization of the bone–implant interface
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and make it difficult to assess peri-implant bone [12,13]. Furthermore, CBCT is not recommended
for evaluating asymptomatic implants in periodic exams due to exposure to high levels of radiation,
and it should be used only in case of peri-implant bone defects or presence of symptoms [14,15].
These limitations may therefore hamper the detection of initial bone loss—data that would be useful to
avoid the need for more invasive procedures and ensure the successful outcome of dental implants [16].

Thus, new technologies are required for the purpose of peri-implant bone assessment. Ultrasound
has emerged in the field of dentistry and has shown reliable results for evaluating soft tissues [17,18],
bone surfaces, and dental implants [1,19–28]. Furthermore, it is free of ionizing radiation and is
capable of penetrating soft tissues [29,30], allowing the visualization of the dental implant and bone
surface [19,23,26].

Recent studies have shown that high-frequency ultrasound (HFUS) is a reliable technique for
assessing peri-implant bone [20–23]. In these studies, nominal frequencies in the range of 40 MHz
were applied to meet the higher demands concerning resolution and accuracy. Ultrasound, at this
frequency, however, is able to scan the bone surface through thin soft-tissue layers, but hardly its inner
portion. To determine the exact three-dimensional (3D) position of a dental implant within the bone, a
priori information from a dental implant containing a screw-retained crown (before placement in the
bone) is necessary. For this purpose, an optical scanner is required. First, the implant with its crown is
scanned with an optical scanner device. After the implant has been inserted into the bone surface,
the ultrasound scan is performed. Considering that both the ultrasound and the optical scanner are
capable of providing information about the crown surface, which is outside the bone, the two images
can be matched. When this a priori information of a dental implant position has been obtained, the
relationship between the dental implant and bone can be reconstructed, and the thickness of buccal
bone surrounding the implant can be determined [20]. In a recent study [23] this technique was used
in association with a lower-frequency ultrasound probe to determine the cortical bone thickness in
a dental implant model, and the results showed values similar to those of the CBCT measurements.
However, the accuracy of this technique must be further evaluated. Therefore, the aim of this study
was to evaluate the accuracy of a HFUS for measuring peri-implant bone surrounding implants in
comparison with CBCT and optical scanning as a reference method.

2. Materials and Methods

2.1. Sample Acquisition

This study was conducted in accordance with national legislation on the use of animals for
research. Since animal tissue obtained from a local butcher was used for this study, no ethical
approval was required. In order to simulate the human jawbone, two porcine ribs were used in
this study. Each sample was prepared by removing the soft tissue and cleaning the bone structure,
in which four dental implants (Camlog Screw-line, Ø3.8 mm; L 11 mm, Camlog Biotechnologies,
Wimsheim, Germany) were placed perpendicular to the bone surface. Each region of bone containing
a dental implant was sectioned with a saw, totaling eight individual bone blocks. Afterwards, each
bone block was fixed to an acrylic resin support (Palapress, Heraeus Kulzer, Hanau, Germany) and the
set was attached to a brick block (LEGO System, Billund, Denmark). Thus, the position of samples was
standardized to obtain a range of measurements.

For each implant, a crown was made by using an artificial resin tooth (Kavo Dental,
Biberach, Germany), and inserting a screw into its inner part, allowing connection between the
crown and dental implant by fastening the screw in a defined position. Samples of fresh porcine
gingiva were attached to the vestibular portion of the bone blocks with glue (Loctite Super Kleber,
Henkel AG & Co., Munich, Germany) applied only on the edges of bone, to prevent the glue from
interfering in the acoustic coupling (Figure 1).
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Figure 1. Bone sample with gingiva attached, a dental implant, and a superstructure. 

2.2. A Priori Information Acquisition 

As HFUS hardly penetrate the inner portion of bone, a priori information from the dental 
implant and the crown was required to determine the implant axis relative to the superstructure 
(Figure 2). Thus, the dental implant and the respective crown were individually scanned by an 
extraoral scanner (D250, 3Shape, Copenhagen, Denmark). First, a powder was applied to the 
components, as recommended by the manufacturer. After this, the set was placed on a plate that 
rotated through 360°, allowing the entire piece to be scanned and creating a 3D-model with an 
accuracy lower than 20 µm. The position of the dental implant was determined by the GOM Inspect 
software (GOM GmbH, Braunschweig, Germany) based on a z-axis orientation. 
  

Figure 1. Bone sample with gingiva attached, a dental implant, and a superstructure.

2.2. A Priori Information Acquisition

As HFUS hardly penetrate the inner portion of bone, a priori information from the dental implant
and the crown was required to determine the implant axis relative to the superstructure (Figure 2). Thus,
the dental implant and the respective crown were individually scanned by an extraoral scanner (D250,
3Shape, Copenhagen, Denmark). First, a powder was applied to the components, as recommended by
the manufacturer. After this, the set was placed on a plate that rotated through 360◦, allowing the entire
piece to be scanned and creating a 3D-model with an accuracy lower than 20 µm. The position of the
dental implant was determined by the GOM Inspect software (GOM GmbH, Braunschweig, Germany)
based on a z-axis orientation.J. Clin. Med. 2019, 8, x FOR PEER REVIEW 4 of 15 
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Pittsford, USA) used in pulse-echo mode, and a 12-bit 400 MS/s analog-to-digital converter. The 
HFUS transducer was integrated into a mechanical set-up, allowing an object to be scanned in 4-axes, 
3 translation and 1 rotation, with a mechanical precision lower than 10 µm.  
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performed by a HFUS prototype (developed by the Helmholtz Institute for Biomedical Engineering, 
RWTH Aachen University, Aachen, Germany) by immersing each sample in a water basin filled with 
tempered (37 °C) degassed isotonic saline solution (0.9% NaCl). Commercial multi-channel 
ultrasound array systems usually provide a compound scan mode. In this mode ultrasound scans 
acquired from multiple angles are merged together in order to enhance the homogeneity of the entire 
scan, especially if specular surfaces, like bone or dental crowns, are involved. However, those systems 
are built for standard clinical applications, and hence do neither provide the HFUS range nor the 
software flexibility required for this application. In order to optimize our HFUS scans with respect to 
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superstructure, gingiva, and bone, were matched with the a priori information by means of the GOM 
Inspect software, according to Habor et al. [16]. In this case, the superstructure was used to determine 
the position of measurements (Figure 4). For the matching process, the surface points recorded with 
the ultrasound system were assigned to the superstructure. The point clouds of the ultrasound 
measurement and the 3D models from the extraoral scanner were further processed in GOM Inspect 
software by superimposing the respective surface model of the alveolar bone on the a priori 
information. The measuring points for which no measured value could be generated from the 
ultrasound point cloud, linear interpolation was carried out from the two nearest surface points. 

Figure 2. Priori information acquisition and 3D STL-data matching between optical and
ultrasound scanning.
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2.3. Ultrasound

The ultrasound system set-up comprised a single element HFUS transducer (fc = 75 MHz;
Aperture = 6.35 mm, f# = 2), a pulser-receiver (DPR500 Dual Pulser-Receiver, JSR Ultrasonics,
Pittsford, USA) used in pulse-echo mode, and a 12-bit 400 MS/s analog-to-digital converter. The HFUS
transducer was integrated into a mechanical set-up, allowing an object to be scanned in 4-axes, 3
translation and 1 rotation, with a mechanical precision lower than 10 µm.

To propagate, ultrasound waves need a medium such as water. Thus, the scanning was performed
by a HFUS prototype (developed by the Helmholtz Institute for Biomedical Engineering, RWTH
Aachen University, Aachen, Germany) by immersing each sample in a water basin filled with tempered
(37 ◦C) degassed isotonic saline solution (0.9% NaCl). Commercial multi-channel ultrasound array
systems usually provide a compound scan mode. In this mode ultrasound scans acquired from
multiple angles are merged together in order to enhance the homogeneity of the entire scan, especially
if specular surfaces, like bone or dental crowns, are involved. However, those systems are built for
standard clinical applications, and hence do neither provide the HFUS range nor the software flexibility
required for this application. In order to optimize our HFUS scans with respect to the specular bone
surface by use of a single-element system, each sample was scanned twice. During the first scanning,
the ultrasound probe was positioned at an angle of 90◦ to the long-axis of dental implant, whereas
in the second scanning the probe position was at an angle of 60◦ to the dental implant (Figure 3).
For both scans, the grid spacing resolution was set to 50 × 50 µm and the depth of scanning was
4.4 mm. The resulting point clouds, which represented the surface of the superstructure, gingiva, and
bone, were matched with the a priori information by means of the GOM Inspect software, according to
Habor et al. [16]. In this case, the superstructure was used to determine the position of measurements
(Figure 4). For the matching process, the surface points recorded with the ultrasound system were
assigned to the superstructure. The point clouds of the ultrasound measurement and the 3D models
from the extraoral scanner were further processed in GOM Inspect software by superimposing the
respective surface model of the alveolar bone on the a priori information. The measuring points for
which no measured value could be generated from the ultrasound point cloud, linear interpolation
was carried out from the two nearest surface points.J. Clin. Med. 2019, 8, x FOR PEER REVIEW 5 of 15 

 

 
Figure 3. Scanning of porcine sample by means of ultrasound. Scanning was performed at an angle 
of 90° (a) and 60° (b) to the long axis of the dental implant. 

  

Figure 3. Scanning of porcine sample by means of ultrasound. Scanning was performed at an angle of
90◦ (a) and 60◦ (b) to the long axis of the dental implant.

2.4. CBCT

Images were acquired by means of a CBCT device (Sirona Galileos, Bensheim, Germany) and
examined by two experienced examiners using the same software (Galileos Viewer, Bensheim, Germany).
The images were captured with standardized parameters: 85 kV and 10 mA exposure, 30 s, and voxel
0.3 mm.
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Figure 4. Matching between the a priori information and the ultrasound data. The numbers describe
the thickness of bone above the implant surface. The color shades are defined as follows: orange
corresponds to a thickness of 3 mm and green to a thickness of zero.

2.5. Optical Scanning

Ultrasound based thickness measurements were compared with reference measurements taken on
3D models of the specimens acquired with the extraoral optical scanner previously mentioned (D250,
3Shape, Copenhagen, Denmark). The extra-oral optical scanner was used for reference measurements
due to its capability of scanning the entire piece with a precision and accuracy of lower than 20 µm.
Prior to the optical reference scan, the gingiva was removed from the specimens because the optical
scanner was unable to detect the subgingival jawbone surface. A powder was applied on the bone
surface as recommended by the manufacturer. The resultant three-dimensional surface models were
matched to the a priori information to obtain the implant position (Figure 5).
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Figure 5. Acquisition of gold-standard values. Optical scan of porcine model (a) matched with the
a priori information (b). The color shades at (b) are defined as follows: gray = outside surface;
green = inside surface; and blue = a priori information.

2.6. Bone Thickness Measurement

In ultrasound scans, bone thickness was measured by one calibrated observer in 10 defined points.
The reference for all measurements was the implant apex. The measurement depth of the implant apex
was defined as −10 mm (minus sign here is related to the coordinate system). Points of measurement
were distributed along the buccolingual center of the implant with a distance of 1 mm between two
points (Figure 6). The implant apex could be identified in the CBCT scans, and thus the measurement
points could be derived. In the HFUS data the implant shoulder could be identified. The implant
length was well known, and thus the depth of the apex could be calculated. This depth was defined as
−10 mm and measurements in the ultrasound data were taken relative to this depth in accordance
with the CBCT measurements.
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Figure 6. Points of measurement distributed along the bucco-lingual center of implant with a distance
of 1 mm between two points.

In CBCT images, the measurements were performed by two independent examiners using the
Galileos Viewer software, as previously described. For ultrasound scans and optical scan values, the
software GOM Inspect was used to perform the measurements.

2.7. Data Analysis

Mean, standard deviation and maximum values of bone thickness were determined for each
group. First, each group was analyzed separately. Thus, measurements obtained by ultrasound at two
different angles were compared. Afterwards, the images were superimposed on the optical scan image
and a deviation analysis was performed. Measurements of CBCT images obtained by two examiners
were analyzed by determining the mean difference between them.

Secondly, measurement values obtained by the three groups were manually compared.
The measurement error of ultrasound and CBCT in comparison with optical scan was determined.
For ultrasound, the values were described as ∆US (HFUS—optical scanner measurements). The CBCT
values were described as ∆CBCT (CBCT—optical scanner measurements).

3. Results

The average deviation between the ultrasound point cloud and the a priori optical surface model,
which resulted in the best-fit orientation, was about 26 µm. In this case, there were approximately
40,000 points per superstructure.

Figure 7 shows the standard deviation of all measurements and samples in relation to the optical
scan. The highest SD value of the HFUS measurement was 0.08 mm, whereas for CBCT it was 0.28 mm.
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With regard to ultrasound, the scanning at 90◦ provided a better result for the apical third,
whereas the scanning at 60◦ showed a better delimitation of borders for the cervical third (Figure 8).
For deviation analysis, the 90◦ scanning showed a mean value ranging between 0 and 0.13 mm, with
the highest deviation of 0.34 mm. For the 60◦ scanning the mean values ranged between 0.04 and
0.11 mm, and the highest value was 0.90 mm. For CBCT images (Figure 9), the mean difference of
measurement performed by two examiners was 0.42 mm.

J. Clin. Med. 2019, 8, x FOR PEER REVIEW 10 of 15 

 

 

 
Figure 8. Bone thickness vs. implant depth for ultrasound at 60° and 90°. 

  

Figure 8. Bone thickness vs. implant depth for ultrasound at 60◦ and 90◦.

J. Clin. Med. 2019, 8, x FOR PEER REVIEW 11 of 15 

 

 

 
Figure 9. CBCT image of a dental implant and measurement points in the sagittal (a) and horizontal 
(b) view. 

With regard to bone thickness, the optical scanner, CBCT and ultrasound showed similar 
measurement values at some points. When analyzing the measurement error obtained from 
ultrasound and CBCT in comparison with the extra-oral scanner, the mean value of ΔUS was 0.11 
mm, with a maximum value of 0.28 mm and the highest standard deviation of 0.08 mm. For ΔCBCT, 
the mean value of measurement error was 0.2 mm, with a maximum value from 0.64 mm and the 
highest standard-deviation of 0.28 mm. 

4. Discussion 

Ultrasound showed a higher accuracy in comparison with CBCT, while its measurement error 
was closer to the optical scan values to a small degree. Furthermore, the standard deviation shown 
by ultrasound was lower than that of CBCT. According to Tapie et al. [31], accuracy is determined by 
the closeness to the true value. Hence, it consists of not only the trueness of the result, but also of 
agreement among the different measures. In this case, ultrasound could be suggested as a promising 
technique for bone surface determination. 

Considering that the bone shape where the dental implant is placed is not straight, but convex, 
inaccuracies can occur if the ultrasound scan only hits the bone from one direction. Thus, to avoid 
this approach, measurements were performed at 60° and 90°. In Figure 6, the reason why the data 
points for the scan at 90° showed more apical points, while the scan at 60° scan showed more coronal 
points was because ultrasound provides larger echo amplitudes when the wave hits the bone in or 
closer to a vertical direction. In the coronal area, the 60° direction was better aligned to the bone 
surface. 

The use of ultrasound for dental scanning, maxillofacial fractures, diagnosis of peri-implant 
bone loss, among other purposes, has been reported in the literature [21,23,24,26,32–36]. Choi et al. 
[19] evaluated the use of 2D ultrasound to image soft and hard tissues of interest for dental 
implantology. A 24-MHz frequency ultrasound system was used to scan porcine jaws, in which 
dental implants were inserted with and without the presence of bone dehiscence. According to the 
authors, the bone and implants below the soft tissue were clearly visible and ultrasound had the 
potential to be used for determining bone surface morphology. However, a limitation of the 
technique has been reported with regard to penetration into the inner bone, and visualization of the 
dental implant in contact with this bone. Bertram and Emshoff [10] showed an underestimation of 
bone loss measured by ultrasound in 25 patients. Nevertheless, the technique was considered reliable 
for evaluating peri-implant bone loss. With regard to the HFUS, use of the ultrasonic system 
described in this study has previously shown accuracy for bone thickness determination [20] 
comparable with that of CBCT [23].  

It must be emphasized that the accuracy of CBCT depends on the exposure parameters. Studies 
have shown that the voxel size plays an important role in determining the visualization of anatomical 
structures [11,13,28,37]. In case of dental implants, artefacts can be found, which may hamper a clear 

Figure 9. CBCT image of a dental implant and measurement points in the sagittal (A) and horizontal
(B) view.

With regard to bone thickness, the optical scanner, CBCT and ultrasound showed similar
measurement values at some points. When analyzing the measurement error obtained from ultrasound
and CBCT in comparison with the extra-oral scanner, the mean value of ∆US was 0.11 mm, with a
maximum value of 0.28 mm and the highest standard deviation of 0.08 mm. For ∆CBCT, the mean
value of measurement error was 0.2 mm, with a maximum value from 0.64 mm and the highest
standard-deviation of 0.28 mm.

4. Discussion

Ultrasound showed a higher accuracy in comparison with CBCT, while its measurement error
was closer to the optical scan values to a small degree. Furthermore, the standard deviation shown
by ultrasound was lower than that of CBCT. According to Tapie et al. [31], accuracy is determined
by the closeness to the true value. Hence, it consists of not only the trueness of the result, but also of
agreement among the different measures. In this case, ultrasound could be suggested as a promising
technique for bone surface determination.

Considering that the bone shape where the dental implant is placed is not straight, but convex,
inaccuracies can occur if the ultrasound scan only hits the bone from one direction. Thus, to avoid this
approach, measurements were performed at 60◦ and 90◦. In Figure 6, the reason why the data points
for the scan at 90◦ showed more apical points, while the scan at 60◦ scan showed more coronal points
was because ultrasound provides larger echo amplitudes when the wave hits the bone in or closer to a
vertical direction. In the coronal area, the 60◦ direction was better aligned to the bone surface.
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The use of ultrasound for dental scanning, maxillofacial fractures, diagnosis of peri-implant bone
loss, among other purposes, has been reported in the literature [21,23,24,26,32–36]. Choi et al. [19]
evaluated the use of 2D ultrasound to image soft and hard tissues of interest for dental implantology.
A 24-MHz frequency ultrasound system was used to scan porcine jaws, in which dental implants were
inserted with and without the presence of bone dehiscence. According to the authors, the bone and
implants below the soft tissue were clearly visible and ultrasound had the potential to be used for
determining bone surface morphology. However, a limitation of the technique has been reported with
regard to penetration into the inner bone, and visualization of the dental implant in contact with this
bone. Bertram and Emshoff [10] showed an underestimation of bone loss measured by ultrasound in
25 patients. Nevertheless, the technique was considered reliable for evaluating peri-implant bone loss.
With regard to the HFUS, use of the ultrasonic system described in this study has previously shown
accuracy for bone thickness determination [20] comparable with that of CBCT [23].

It must be emphasized that the accuracy of CBCT depends on the exposure parameters. Studies
have shown that the voxel size plays an important role in determining the visualization of anatomical
structures [11,13,28,37]. In case of dental implants, artefacts can be found, which may hamper a clear
visualization and precise bone measurements. The fact that the authors did not opt to use a software to
optimize the image quality should be pointed-out as a limitation of this study.

The main significance of this study is to present a new technology for evaluating peri-implant
bone. Although tomographic techniques have been widely used to determine bone loss [38–41], in
presence of dental implants CBCT has shown some drawbacks, such as the exposure of patients
to ionizing radiation and presence of metal artifacts, which may make it difficult to visualize the
bone–implant surface and jeopardize the measurements performed by clinicians [13]. This may lead to
underestimating the bone thickness, as described in previous studies [13,28].

In view of the potential events of biological bone remodeling and vertical peri-implant bone
resorption [42], the detection of bone thickness with measurement error below 0.2 mm may suggest
that it would be advantageous to use ultrasound (in comparison with CBCT), considering that it would
be able to detect not only biological changes, but also to provide an early diagnosis of peri-implant bone
loss. This is in agreement with previous studies showing that US was accurate measuring peri-implant
bone defects when compared to CBCT [43,44].

Some differences in image acquisition between CBCT and ultrasound are pointed out. First of
all, the principle of ultrasound is the reflection of ultrasonic waves when these are in contact with the
interface of two media with acoustic impedance. Hence, in biological tissues with a high capacity
of reflection, such as bone, less ultrasound energy is able to penetrate the inner portion of the bony
tissue. On the other hand, radiographic images involve the emission of x-rays, which are absorbed by
tissues according to their density and allows evaluation of the inner portions of tissues [19]. In this
study, an important step in the methodology used was the acquisition of a priori information (acquired
with an optical extraoral scanner and used for the reference scans), which helped to determine the
three-dimensional relationship between the bone and implant. However, this information can also be
acquired with the ultrasound system presented in this study. A conceivable solution for the future
could be a scan body or 3D-models of the implants provided by each manufacturer in order to obtain
this a priori information and perform the scans.

The extraoral optical scan was used for reference scans due to its ability to provide a 3D model
with high accuracy. Nevertheless, systematic geometric defects due to the digitization process [31] must
be considered a limitation of this in vitro study. Furthermore, the complexity of the oral environment
plays an important role in diagnostic imaging, and further studies are required to determine the
feasibility of this technique for clinical use.
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5. Conclusions

Within the simulated limited conditions of this study, high-frequency ultrasound, with optical
scanning used as a reference, presented higher accuracy in comparison to CBCT, and seems to be a
promising tool for measuring peri-implant bone.

Author Contributions: Conceptualization, D.H., S.H., K.R. and S.W.; Data curation, S.N. and D.H.; Formal analysis,
S.N., D.H., L.B., S.H. and K.R.; Funding acquisition, K.R. and S.W.; Investigation, S.N. and D.H.; Methodology,
S.N. and D.H.; Project administration, J.M., S.H., K.R. and S.W.; Resources, S.H., K.R. and S.W.; Software, D.H. and
S.H.; Supervision, J.M., S.H., K.R. and S.W.; Validation, S.N., D.H., S.H., K.R. and S.W.; Visualization, J.M., S.N.,
D.H. and L.B.; Writing–original draft, J.M., S.N. and L.B.; Writing–review & editing, J.M., S.N., D.H., L.B., S.H.,
K.R. and S.W.

Acknowledgments: The authors are grateful to Nizameddin Halil Ayik for his support in this study.

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

References

1. Benic, G.I.; Elmasry, M.; Hammerle, C.H. Novel digital imaging techniques to assess the outcome in oral
rehabilitation with dental implants: A narrative review. Clin. Oral Implants Res. 2015, 26, 86–96. [CrossRef]

2. Shiratori, L.N.; Marotti, J.; Yamanouchi, J.; Chilvarquer, I.; Contin, I.; Tortamano-Neto, P. Measurement
of buccal bone volume of dental implants by means of cone-beam computed tomography. Clin. Oral
Implants Res. 2012, 23, 797–804. [CrossRef] [PubMed]

3. Demircan, S.; Demircan, E. Dental cone beam computed tomography analyses of the anterior maxillary bone
thickness for immediate implant placement. Implant Dent. 2015, 24, 664–668. [CrossRef] [PubMed]

4. Andres-Garcia, R.; Vives, N.G.; Climent, F.H.; Palacin, A.F.; Santos, V.R.; Climent, M.H.; Bullon, P. In vitro
evaluation of the influence of the cortical bone on the primary stability of two implant systems. Med. Oral
Patol. Oral Cir. Bucal. 2009, 14, E93–E97. [PubMed]

5. Deeb, G.R.; Deeb, J.G. Soft tissue grafting around teeth and implants. Oral Maxillofac. Surg. Clin. North Am.
2015, 27, 425–448. [CrossRef] [PubMed]

6. Naveau, A.; Shinmyouzu, K.; Moore, C.; Avivi-Arber, L.; Jokerst, J.; Koka, S. Etiology and measurement of
peri-implant crestal bone loss (CBL). J. Clin. Med. 2019, 8, 166. [CrossRef] [PubMed]

7. Al Amri, M.D.; Kellesarian, S.V.; Abduljabbar, T.S.; Al Rifaiy, M.Q.; Al Baker, A.M.; Al-Kheraif, A.A.
Comparison of peri-implant soft tissue parameters and crestal bone loss around immediately loaded and
delayed loaded implants in smokers and non-smokers: 5-Year Follow-Up Results. J. Periodontol. 2017, 88, 3–9.
[CrossRef] [PubMed]

8. Al Amri, M.D.; Kellesarian, S.V. Crestal bone loss around adjacent dental implants restored with splinted and
nonsplinted fixed restorations: A systematic literature review. J. Prosthodont. 2017, 26, 495–501. [CrossRef]
[PubMed]

9. Heitz-Mayfield, L.J.; Mombelli, A. The therapy of peri-implantitis: A systematic review. Int. J. Oral.
Maxillofac. Implants 2014, 29, 325–345. [CrossRef]

10. Bertram, S.; Emshoff, R. Sonography of periimplant buccal bone defects in periodontitis patients: A pilot
study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2008, 105, 99–103. [CrossRef]

11. Bohner, L.O.L.; Tortamano, P.; Marotti, J. Accuracy of linear measurements around dental implants by
means of cone beam computed tomography with different exposure parameters. Dentomaxillofac. Radiol.
2017, 46, 20160377. [CrossRef] [PubMed]

12. Kaeppler, G. Applications of cone beam computed tomography in dental and oral medicine. Int. J.
Comput. Dent. 2010, 13, 203–219. [PubMed]

13. Razavi, T.; Palmer, R.M.; Davies, J.; Wilson, R.; Palmer, P.J. Accuracy of measuring the cortical bone thickness
adjacent to dental implants using cone beam computed tomography. Clin. Oral Implants Res. 2010, 21, 718–725.
[CrossRef]

14. Tyndall, D.A.; Price, J.B.; Tetradis, S.; Ganz, S.D.; Hildebolt, C.; Scarfe, W.C. Position statement of the
American Academy of Oral and Maxillofacial Radiology on selection criteria for the use of radiology in
dental implantology with emphasis on cone beam computed tomography. Oral Surg. Oral Med. Oral Pathol.
Oral Radiol. 2012, 113, 817–826. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/clr.12616
http://dx.doi.org/10.1111/j.1600-0501.2011.02207.x
http://www.ncbi.nlm.nih.gov/pubmed/21631591
http://dx.doi.org/10.1097/ID.0000000000000340
http://www.ncbi.nlm.nih.gov/pubmed/26460741
http://www.ncbi.nlm.nih.gov/pubmed/19179957
http://dx.doi.org/10.1016/j.coms.2015.04.010
http://www.ncbi.nlm.nih.gov/pubmed/26231816
http://dx.doi.org/10.3390/jcm8020166
http://www.ncbi.nlm.nih.gov/pubmed/30717189
http://dx.doi.org/10.1902/jop.2016.160427
http://www.ncbi.nlm.nih.gov/pubmed/27587369
http://dx.doi.org/10.1111/jopr.12556
http://www.ncbi.nlm.nih.gov/pubmed/27996179
http://dx.doi.org/10.11607/jomi.2014suppl.g5.3
http://dx.doi.org/10.1016/j.tripleo.2007.01.014
http://dx.doi.org/10.1259/dmfr.20160377
http://www.ncbi.nlm.nih.gov/pubmed/28267928
http://www.ncbi.nlm.nih.gov/pubmed/20879460
http://dx.doi.org/10.1111/j.1600-0501.2009.01905.x
http://dx.doi.org/10.1016/j.oooo.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22668710


J. Clin. Med. 2019, 8, 1539 10 of 11

15. Bornstein, M.M.; Al-Nawas, B.; Kuchler, U.; Tahmaseb, A. Consensus statements and recommended clinical
procedures regarding contemporary surgical and radiographic techniques in implant dentistry. Int. J. Oral
Maxillofac. Implants 2014, 29, 78–82. [CrossRef] [PubMed]

16. Chang, H.Y.; Park, S.Y.; Kim, J.A.; Kim, Y.K.; Lee, H.J. Early radiographic diagnosis of peri-implantitis
enhances the outcome of peri-implantitis treatment: A 5-year retrospective study after non-surgical treatment.
J. Periodontal Implant Sci. 2015, 45, 82–93. [CrossRef]

17. Nguyen, K.T.; Le, L.H.; Kaipatur, N.R.; Zheng, R.; Lou, E.H.; Major, P.W. High-resolution ultrasonic imaging of
dento-periodontal tissues using a multi-element phased array system. Ann. Biomed. Eng. 2016, 44, 2874–2886.
[CrossRef]

18. Nguyen, K.C.; Le, L.H.; Kaipatur, N.R.; Major, P.W. Imaging the cemento-enamel junction using a 20-MHz
ultrasonic transducer. Ultrasound Med. Biol. 2016, 42, 333–338. [CrossRef]

19. Choi, M.; Culjat, M.O.; Singh, R.S.; White, S.N. Ultrasound imagery for dental implant diagnosis and
treatment planning in a porcine model. J. Prosthet. Dent. 2012, 108, 344–353. [CrossRef]

20. Habor, D.; Neuhaus, S.; Vollborn, T.; Wolfart, S.; Radermacher, K.; Heger, S. Model based assessment of
vestibular jawbone thickness using high frequency 3D-ultrasound micro-scanning. Med. Imaging 2013
Ultrason. Imaging Tomogr. Ther. 2013, 8675, 86750Z.

21. Habor, D.; Vollborn, T.; Chuembou Pekam, F.; Radermacher, K.; Degen, K.; Marotti, J.; Wolfart, S.; Heger, S.
An ultrasonic micro-scanner for thickness assessment of the vestibular jawbone: In-vitro accuracy evaluation.
In Proceedings of the IEEE International Ultrasonics Symposium, Chicago, IL, USA, 3–6 September 2014;
pp. 745–748.

22. Eghbali, A.; De Bruyn, H.; Cosyn, J.; Kerckaert, I.; Van Hoof, T. Ultrasonic assessment of mucosal thickness
around implants: Validity, reproducibility, and stability of connective tissue grafts at the buccal aspect.
Clin. Implant Dent. Relat. Res. 2016, 18, 51–61. [CrossRef]

23. Degen, K.; Habor, D.; Radermacher, K.; Heger, S.; Kern, J.S.; Wolfart, S.; Marotti, J. Assessment of cortical
bone thickness using ultrasound. Clin. Oral Implants Res. 2017, 28, 520–528. [CrossRef]

24. Marotti, J.; Heger, S.; Tinschert, J.; Tortamano, P.; Chuembou, F.; Radermacher, K.; Wolfart, S. Recent advances
of ultrasound imaging in dentistry—A review of the literature. Oral Surg. Oral Med. Oral Pathol. Oral Radiol.
2013, 115, 819–832. [CrossRef]

25. Nguyen, K.T.; Pacheco-Pereira, C.; Kaipatur, N.R.; Cheung, J.; Major, P.W.; Le, L.H. Comparison of ultrasound
imaging and cone-beam computed tomography for examination of the alveolar bone level: A systematic
review. PLoS ONE 2018, 13, e0200596. [CrossRef]

26. Chan, H.L.; Wang, H.L.; Fowlkes, J.B.; Giannobile, W.V.; Kripfgans, O.D. Non-ionizing real-time
ultrasonography in implant and oral surgery: A feasibility study. Clin. Oral Implants Res. 2017, 28, 341–347.
[CrossRef]

27. Chan, H.L.; Misch, K.; Wang, H.L. Dental imaging in implant treatment planning. Implant Dent.
2010, 19, 288–298. [CrossRef]

28. Gonzalez-Martin, O.; Oteo, C.; Ortega, R.; Alandez, J.; Sanz, M.; Veltri, M. Evaluation of peri-implant
buccal bone by computed tomography: An experimental study. Clin. Oral Implants Res. 2016, 27, 950–955.
[CrossRef]

29. Vollborn, T.; Habor, D.; Junk, S.; Radermacher, K.; Heger, S. A Voice-Coil Actuated Ultrasound Micro-Scanner
for Intraoral High Resolution Impression Taking. In Proceedings of the 2012 IEEE/RSJ International
Conference on Intelligent Robots and Systems (IROS), Algarve, Portugal, 7–12 October 2012; pp. 3571–3576.

30. Vollborn, T.; Habor, D.; Pekam, F.C.; Heger, S.; Marotti, J.; Reich, S.; Wolfart, S.; Tinschert, J.; Radermacher, K.
Soft tissue-preserving computer-aided impression: A novel concept using ultrasonic 3D-scanning. Int. J.
Comput. Dent. 2014, 17, 277–296.

31. Tapie, L.; Lebon, N.; Mawussi, B.; Fron-Chabouis, H.; Duret, F.; Attal, J.P. Understanding dental CAD/CAM
for restorations—Accuracy from a mechanical engineering viewpoint. Int. J. Comput. Dent. 2015, 18, 343–367.

32. Chuembou Pekam, F.; Marotti, J.; Wolfart, S.; Tinschert, J.; Radermacher, K.; Heger, S. High-frequency
ultrasound as an option for scanning of prepared teeth: An in vitro study. Ultrasound Med. Biol.
2015, 41, 309–316. [CrossRef]

33. Praca, L.; Pekam, F.C.; Rego, R.O.; Radermacher, K.; Wolfart, S.; Marotti, J. Accuracy of single crowns
fabricated from ultrasound digital impressions. Dent. Mater. 2018, 34, e280–e288. [CrossRef]

http://dx.doi.org/10.11607/jomi.2013.g1
http://www.ncbi.nlm.nih.gov/pubmed/24660191
http://dx.doi.org/10.5051/jpis.2015.45.3.82
http://dx.doi.org/10.1007/s10439-016-1634-2
http://dx.doi.org/10.1016/j.ultrasmedbio.2015.09.012
http://dx.doi.org/10.1016/S0022-3913(12)60190-5
http://dx.doi.org/10.1111/cid.12245
http://dx.doi.org/10.1111/clr.12829
http://dx.doi.org/10.1016/j.oooo.2013.03.012
http://dx.doi.org/10.1371/journal.pone.0200596
http://dx.doi.org/10.1111/clr.12805
http://dx.doi.org/10.1097/ID.0b013e3181e59ebd
http://dx.doi.org/10.1111/clr.12663
http://dx.doi.org/10.1016/j.ultrasmedbio.2014.08.023
http://dx.doi.org/10.1016/j.dental.2018.08.301


J. Clin. Med. 2019, 8, 1539 11 of 11

34. Blessmann, M.; Pohlenz, P.; Blake, F.A.; Lenard, M.; Schmelzle, R.; Heiland, M. Validation of a new training
tool for ultrasound as a diagnostic modality in suspected midfacial fractures. Int. J. Oral Maxillofac. Surg.
2007, 36, 501–506. [CrossRef]

35. Marotti, J.; Broeckmann, J.; Chuembou Pekam, F.; Praca, L.; Radermacher, K.; Wolfart, S. Impression of
subgingival dental preparation can be taken with ultrasound. Ultrasound Med. Biol. 2019, 45, 558–567.
[CrossRef]

36. Chan, H.L.; Sinjab, K.; Chung, M.P.; Chiang, Y.C.; Wang, H.L.; Giannobile, W.V.; Kripfgans, O.D. Non-invasive
evaluation of facial crestal bone with ultrasonography. PLoS ONE 2017, 12, e0171237. [CrossRef]

37. Vera, C.; De Kok, I.J.; Chen, W.; Reside, G.; Tyndall, D.; Cooper, L.F. Evaluation of post-implant buccal bone
resorption using cone beam computed tomography: A clinical pilot study. Int. J. Oral Maxillofac. Implants
2012, 27, 1249–1257.

38. Goller-Bulut, D.; Sekerci, A.E.; Kose, E.; Sisman, Y. Cone beam computed tomographic analysis of maxillary
premolars and molars to detect the relationship between periapical and marginal bone loss and mucosal
thickness of maxillary sinus. Med. Oral Patol. Oral Cir. Bucal. 2015, 20, e572. [CrossRef]

39. Joshi, V.; Gupta, S. Immediate Implant Placement in Anterior Aesthetic Region and Assessment using
Cone-Beam Computed Tomography Scan Technology. J. Int. Oral Health. 2015, 7, 99–102.

40. Goodarzi Pour, D.; Romoozi, E.; Soleimani Shayesteh, Y. Accuracy of Cone Beam Computed Tomography for
Detection of Bone Loss. J. Dent. 2015, 12, 513–523.

41. Nikolic-Jakoba, N.; Spin-Neto, R.; Wenzel, A. Cone-Beam Computed Tomography for Detection of Intrabony
and Furcation Defects: A Systematic Review Based on a Hierarchical Model for Diagnostic Efficacy.
J. Periodontol. 2016, 87, 630–644. [CrossRef]

42. Albrektsson, T.; Zarb, G.; Worthington, P.; Eriksson, A.R. The long-term efficacy of currently used dental
implants: A review and proposed criteria of success. Int. J. Oral Maxillofac. Implants 1986, 1, 11–25.

43. Bohner, L.; Habor, D.; Tortamano, P.; Radermacher, K.; Wolfart, S.; Marotti, J. Assessment of buccal
bone surrounding dental implants using a high-frequency ultrasound scanner. Ultrasound Med. Biol.
2019, 45, 1427–1434. [CrossRef]

44. Bohner, L.; Habor, D.; Gremse, F.; Tortamano, P.; Wolfart, S.; Marotti, J. Accuracy of high-frequency ultrasound
scanner in detecting peri-implant bone defects. Ultrasound Med. Biol. 2019, 45, 650–659. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijom.2007.01.016
http://dx.doi.org/10.1016/j.ultrasmedbio.2018.09.027
http://dx.doi.org/10.1371/journal.pone.0171237
http://dx.doi.org/10.4317/medoral.20587
http://dx.doi.org/10.1902/jop.2016.150636
http://dx.doi.org/10.1016/j.ultrasmedbio.2019.02.002
http://dx.doi.org/10.1016/j.ultrasmedbio.2018.10.030
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Acquisition 
	A Priori Information Acquisition 
	Ultrasound 
	CBCT 
	Optical Scanning 
	Bone Thickness Measurement 
	Data Analysis 

	Results 
	Discussion 
	Conclusions 
	References

