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Abstract

:

The aim of this study was to evaluate the possible effect of low intensity pulsed ultrasound (LIPUS) on tooth movement and root resorption in orthodontic patients. Twenty-one patients were included in a split-mouth study design (group 1). Ten additional patients were included with no LIPUS device being used and this group was used as the negative control group (group 2). Group 1 patients were given LIPUS devices that were randomly assigned to right or left side on upper or lower arches. LIPUS was applied to the assigned side that was obtained by randomization, using transducers that produce ultrasound with a pulse frequency of 1.5 MHz, a pulse repetition rate of 1 kHz, and average output intensity of 30 mW/cm2. Cone-beam computed tomography (CBCT) images were taken before and after treatment. The extraction space dimensions were measured every four weeks and root lengths of canines were measured before and after treatment. The data were analyzed using paired t-test. The study outcome showed that the mean rate of tooth movement in LIPUS side was 0.266 ± 0.092 mm/week and on the control side was 0.232 ± 0.085 mm/week and the difference was statistically significant. LIPUS increased the rate of tooth movement by an average of 29%. For orthodontic root resorption, the LIPUS side (0.0092 ± 0.022 mm/week) showed a statistically significant decrease as compared to control side (0.0223 ± 0.022 mm/week). The LIPUS application accelerated tooth movement and minimized orthodontically induced tooth root resorption at the same time.
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1. Introduction


Facial and dental aesthetics play a very important part of the social measurement in the overall attractiveness. A person with a pleasing smile and facial appearance is more expected to encounter favorable appraisals and assessments from his/her peer-group, seniors, and employers [1]. On the other hand, patients with malocclusion may have issues with their oral, physical, and psychological health, depending on the severity of the malocclusion [2,3]. The psychological aspect is the main driving force for a person to undergo orthodontic treatment, as well as the quintessential aspects to adhere to the treatment. A study by Sergl and Zentner [4] on the psychological side of the orthodontic patients found that about two-thirds were concerned about poor aesthetic. Nevertheless, the overall duration of orthodontic treatment not only worries the patients and parents, but also the orthodontists [5].



An increasing number of adults are undergoing orthodontic treatment and the most common concern for these patients is the treatment duration, in addition to the type of orthodontic appliance to be used in the treatment [5]. The average orthodontic treatment is from 2–3 years [6,7]. Prolonged orthodontic treatment not only affects the patients’ compliance [8], but also predisposes the patient to higher caries incidence, white spot lesions [9], gingival inflammation and recession, and root resorption [10].



Hence, accelerating orthodontic treatment with preservation of the integrity of tooth structure and alveolar bone has received increasing attention by orthodontic academics and clinicians. Various procedures have been employed to reduce the treatment duration. These techniques include low-level laser therapy [11], pulsed electromagnetic fields [12], electrical currents [13], corticotomy [14], distraction osteogenesis [15], mechanical vibration [16], and photobiomodulation [17]. However, there is no confirmed data that these techniques can minimize orthodontically induced tooth root resorption (OITRR), while at the same time accelerating tooth movement.



Orthodontic tooth movement (OTM) is a complex inflammatory process that depends on the remodeling of alveolar bone that surrounds the tooth. This process comprises a cascade of events involving the secretion of biochemical mediators e.g., cytokines (interleukin IL-1. IL-2, IL-6, etc.), growth factors (transforming growth factor-β (TGF-β), fibroblast growth factor (FGF), bone morphogenetic protein (BMP), and vascular endothelial growth factor (VEGF)) and prostaglandins (PG-E); the recruitment of osteoblasts and osteoclasts. The rate-limiting factor of OTM is the bone resorption [18,19]. One of the common side effects of orthodontic treatment is OITRR and the second most common root resorption after pulp infection-related root resorption [20]. The molecular mechanism of OITRR is still unknown; however, it has led to many malpractice lawsuits against orthodontists [21,22]. The prevalence of root resorption increased up to 73%–80% following orthodontic treatment [23,24].



Recently, low-intensity pulsed ultrasound (LIPUS) has been shown to increase the rate of tooth movement in ex-vivo mandible slice organ culture and in animals and decrease OITRR [25,26]. Ultrasound is a form of mechanical energy that can be transmitted through different tissues as pressure waves. The frequency of these waves is above the limit of human hearing. Ultrasound has been used in medicine in surgical operation, therapeutic application, and diagnostic [27,28]. It has also been reported that LIPUS accelerates normal fracture repair when applied daily for a period of three weeks when applied for 15 to 20 min per day with intensity between 30 to 50 mW/cm2 [29]. A recent clinical study in human patients showed that the intermittent use of LIPUS (at days 0, 3, 5, 7, 14, and every 15 days afterward) had an increased rate of tooth movement, however the LIPUS apparatus used was extraorally applied and the device was applied by the operator to one side of the mouth [30]. It has been reported that the stimulatory effect of LIPUS is dose dependent [31]. It is not known whether the application of LIPUS intraorally and on a daily basis would be beneficial in accelerating tooth movement or not.



The primary aim of the current study was to evaluate the effect of LIPUS on the rate of orthodontic tooth movement in the split-mouth clinical trial. The null hypotheses were: (1) there is no significant difference in the rate of tooth movement between LIPUS and control side; and, (2) there is no significant difference in the root resorption after orthodontic tooth movement between LIPUS and control sides. The alternate hypotheses are (1) the LIPUS treated side will have accelerated tooth movement and reduced root resorption when compared to the control side.




2. Experimental Section


The study was a split-mouth randomized controlled trial with a 1:1 allocation ratio. This was a multicenter study that was conducted across five sites—three public universities and two private clinics. The respective ethics committee at each participating institute approved the study. The participants selected were acquainted with the study procedures and radiation exposures, and then informed written consents were signed. This study is also registered at the ClinicalTrials.gov with the identifier number: NCT01828164.



Subjects who met all the following criteria qualified for entry into the study:




	
permanent dentition and ages between 12 and 40 years old;



	
first premolar extractions indicated for correcting the existing dental malocclusion (to eliminate overjet or crowding) with a minimum of 3mm of extraction space;



	
good oral hygiene and compliance; and,



	
no history of systemic disease.








The exclusion criteria were:




	
any compromised medical or dental condition that prevents the subject from participating in the trial or using a medical device (like diabetes, renal failure, under corticosteroid treatment, etc.);



	
any implanted assistive device e.g., pacemakers, cochlear implants, etc.;



	
chronic use of medications affecting orthodontic tooth movement e.g., Bisphosphonate; and,



	
pregnant females.








2.1. Sample Size Calculation


Based on the previous studies, the average orthodontic tooth movement for canine retraction in human subjects is 1.11 mm per month with a standard deviation of 0.43 mm [32,33]. In the previous dog study [26], the orthodontic tooth movement on the side receiving LIPUS treatment was approximately 50% faster when compared to the control side. This acceleration was obtained for dogs being treated for 20 min. every day (100% compliance). Hence, the expected mean monthly rate of tooth movement was 1.66 mm for the LIPUS treated side + orthodontic braces group and 1.1 mm for the orthodontic braces alone group. Based on an analysis that was performed using the paired t-test, a minimum of 10 extraction sites per group (with 100% usage compliance) were required, for power of 80% and at a significance level of 0.05. Figure 1 presents details of the recruited patients and reasons for dropping out of the trial. In short, sixty patients were screened for this clinical trial and forty-seven met the selection criteria. From these forty-seven patients, twenty-one patients completed the clinical trial with a per protocol device usage compliance of ≥ 67%.




2.2. Ethics Approval and Consent to the Patients


The study was approved by the Research Ethics Committee of University of Alberta (PR-0018 approval date 27 September 2012), University of Toronto (PR-0031 approval date 8 January 2013), Strathcona Orthodontics (PR-0018.3 approval date 25 March 2014), University of Manitoba (PR-0041 approval date 26 March 2014) and Dr. Dumore and Team Orthodontics (PR-0041 approval date 26 March 2014). All the procedures complied with the Code of Ethics of the World Medical Association (Declaration of Helsinki), Canadian Medical Device Regulation SOR-98-282, ICH tripartite guidelines for Good Clinical Practice and ISO 14155:2011 Clinical investigation of medical devices for human subjects. The participants selected were acquainted with the study procedures and radiation exposures, then informed written consents were signed.




2.3. Randomization


The prospective patients were randomized into two groups. Group 1, in the split-mouth study, included twenty-one patients who fulfilled the pre-approved selection criteria and completed their clinical trial participation (24 weeks or until the closure of the extraction space on either side, whichever period was shorter). This involved one side of the patient’s mouth receiving LIPUS treatment, while the other side of the same patient was inactivated and served as a placebo or positive control. LIPUS device was provided with the active treatment zones of the mouthpiece pre-selected by the manufacturer (SmileSonica Inc., Edmonton, AB, Canada). The device was provided free of cost to the patients that were enrolled in the study. The active side of the mouthpiece was done on a per-site basis according to a predetermined randomized allocation sequence that was created by an independent third party. Patient and investigator were both blinded to which side was active or inactive. Blinding was satisfied since LIPUS cannot be heard or felt. The study research assistant or principal investigator took the intra-oral measurement, on a cast or scan measurements at the beginning of canine retraction, and every four weeks. All of the clinical measurements were made by the same person at each site to ensure consistency of the measurement consistency and eliminate measurement errors.



The split-mouth design model was selected for this clinical trial, because the right and left sides of a dental arch are normally quasi-symmetric with similar properties and dimensions (e.g., tooth size, gum thickness, etc.). However, another group was also used due to the probability of transmission of the ultrasound waves from the active side to the passive side (cross mouth contamination). Group 2 was composed of 10 patients that had no LIPUS treatment on either side, which served as a negative control group and was included in the study (no blindness was applied to this group).




2.4. LIPUS Device


LIPUS was applied for 20 min. per day while using a custom-made ultrasound device for the duration of trial i.e., 24 weeks or until the closure of the extraction space on either side, whichever period was shorter. The device had a mouthpiece that was similar to a mouthguard connected to the handheld electronics, which had a screen that provided information regarding the treatment (Figure 2). The transducers are embedded in the mouthpiece that was located at the tooth root level. The coupling gel was supplied by the manufacturer, which was applied to the inside of the mouthpiece before the start of each treatment, so that the LIPUS can be properly transmitted from the mouthpiece through the gums to the teeth roots. The LIPUS device had an internal memory microchip that recorded the date, time, and duration of each LIPUS application. The LIPUS output consisted of ultrasound with a frequency of 1.5 MHz, a pulse repetition rate of 1 kHz, and an average output intensity of 30 mW/cm2. Each patient had a twin device that was exchanged every month, so that the device could be returned to the manufacturer to verify the calibration of LIPUS output intensity.




2.5. Intervention


All of the patients underwent first premolars extractions and subsequent canine retraction using a 0.017” × 0.025” Titanium-Molybdenum alloy (TMA) canine retraction T-loop that was constructed for each extraction site, as described previously by Burstone (1962) [34]. The T-loop was activated by cinching the posterior leg of the spring 5–6 mm out of the auxiliary tube of the first molar. The spring was reactivated every two months (Figure 3). Anchorage was done using the second premolar, first and second molars utilizing transpalatal and lingual arch in maxilla and mandible arch, respectively. A pre-retraction (T0) alginate impression and CBCT were recorded on the first day of treatment. The follow-up visits were scheduled every four weeks. The intra-oral extraction space was measured at the beginning of the treatment and before the extraction gap closed to calculate a weekly tooth movement rate. Interim visit measurements were not required for determining the overall tooth movement rate during the clinical investigation. The records included pre-treatment, either a large field-of-view CBCT scan or regular cephalometric in addition to a small field-of-view CBCT (the smallest picture possible is taken about 8 cm × 8 cm, 0.3 mm voxel size) (iCAT, Hatfield, PA, USA).




2.6. Outcomes Assessment


2.6.1. Subject Compliance


A computer program that downloaded the usage data from the device at each visit monitored the compliance of the device use. A compliance level of 67% for the duration of the trial was the minimum accepted allowance in any visit.




2.6.2. Primary Outcome


Three types of tooth movements can occur during orthodontic treatment: pure translation, pure tipping, or a combination of translation and tipping. Only the same type of movement was compared since the clinical study involved comparing the gap closure rates on the two sides of the same arch. If the two sides had different types of tooth movement i.e., one side had a tipping and the other side had a translation, then the data were excluded from the analysis. Measuring the movement of the crowns and root tips for the canines relative to the first molars on the CBCT scans or dental radiographs quantified the type of tooth movement. The amount of tooth movement was calculated by measuring the amount of movement of the canine’s pulp horn relative to the first molar’s pulp chamber and the amount of tooth movement of the canine’s root apex relative to the first molar’s mesial root apex.



	
dCrown: the amount of tooth movement of the canine’s crown



	
dRoot: the amount of tooth movement of the canine’s root apex






Tipping = dCrown − dRoot


  Translation =  {       d  Crown   ,  |   d  Crown    |  ≥  |   d  Root    |         d  Root   ,  |   d  Crown    |  <  |   d  Root    |        0 , sgn (  d  Crown   ) ≠ sgn (  d  Root   )        



(1)







The PIs or the research assistants took dental cast measurement (or intra-oral measurement if dental casts were not available) at the beginning of canine retraction, and every four weeks to assess the total space closure. The rate of tooth movement was calculated, as follows:




	
dt0: the first extraction space measurement (from canine cusp tip to the mesiobuccal groove of the first molar);



	
dt1: the last extraction space measurement prior to extraction space closure (i.e., extraction space = 0 mm) on either side; and,



	
t: the number of weeks between dt0 and dt1.


   Tooth   movement   rate  =    d  t 0   −  d  t 1    t   



(2)












The percentage change was calculated as follows, using:




	
rUltrasound: Ultrasound tooth movement rate; and,



	
rControl: Control tooth movement rate.


  Percent   Change =    (   r  Ultrasound     −  r  Control    )     |   r  Control    |    × 100 %  



(3)













2.6.3. Secondary Outcome: Root Resorption Using CBCT


On the CBCT images, the canine length was calculated from the pulp horn to the root apex, the pulp was found to be more accurate than the cusp tip, because it is not affected by external factors, such as grinding, fillings, etc. Besides, the pulp horn landmark can be precisely identified on the CBCT images [35]. The root apex and the pulp horn of the canine were identified in the axial, sagittal, and coronal sections. The three-dimensional (3D) coordinates of each point were obtained, and the straight-line distance between the apex and the pulp horn was calculated while using the Euclidean distance formula:


  D =   (    (  XC − XR  )   2  +    (  YC − YR  )   2  +    (  ZC − ZR  )   2     



(4)




where D is the tooth length, X is the transversal position (relation to the x-axis), Y is the anteroposterior position (relation to the y-axis), Z is the vertical position (relation to the z-axis), C is the pulp horn, and R is the root apex.



The root resorption rate was calculated as follows, using:




	
l(pre-trial): the pre-trial tooth length;



	
l(post-trial): the post-trial tooth length; and,



	
t: the number of weeks between l(pre-trial) and l(post-trial).


   Root   resorption   rate  =    l  pre − trial   −  l  post − trial    t   



(5)












The percentage change was calculated as follows, using:




	
r Ultrasound: Ultrasound root resorption rate; and,



	
r Control: Control root resorption rate.


  Percent   Change =    (   r  Control   −  r  Ultrasound    )     |   r  Ultrasound      |    × 100 %  



(6)














2.7. Statistical Analysis


Statistical analysis was performed while using the SPSS program version 20 (SPSS Inc, Chicago, IL, USA). The Kolmogorov–Smirnov test was used to test the normality of data distribution, which revealed normal distribution; therefore, parametric tests were used. An unpaired t-test was used to compare the differences in the rate of tooth movement and root lengths as an estimation of root resorption between the positive control (placebo) side in the split-mouth group and the negative control results. The paired t-test was used to compare the variables between the two sides of the split-mouth group. The significance level (alpha) was set at 0.05.





3. Results


The CONSORT flow diagram depicted in Figure 1 provides a summary of subject accountability in the clinical investigation. In summary, out of sixty patients enrolled in the active group, 13 patients did not meet the inclusion criteria after enrollment; hence, out of sixty, only 47 entered the participant flow. Twenty-four of the 47 patients had lower compliance for the device; hence, they were removed from the final analysis. One patient had a non-functional device and for one patient the pre-trial CBCT scan was not taken, hence these two patients were also removed from the final analysis. For the final analysis, there were 21 patients in the clinical trial analysis. The average age of 21 patients was 19.7 ± 6.63 (minimum = 12 years, and maximum = 37 years five months), with five male and 16 female subjects.



Data from 10 patients were collected and analyzed as a negative control group and they were only compared to the positive control group to study if LIPUS was reaching to the positive control in the active group and were not compared to the active side analysis. On comparing the tooth movement and root resorption between the negative control and positive control group, there was no significant difference between these groups (p = 0.11; and p = 0.32, respectively), no cross-mouth effect could be detected; hence, the split-mouth model is validated in our study (Table 1).



3.1. Tooth Movement Analysis


In the active treatment group, four patients were excluded due to the type of tooth movement being non-comparable; hence, seventeen patients were included for the final analysis of tooth movement. The mean rate of tooth movement for the LIPUS side was 0.266 ± 0.0927 mm/week and the positive control side was 0.232 ± 0.0855 mm/week (Figure 4). Table 2 shows a comparison of the rate of tooth movement in the LIPUS and positive control side in the active treatment group. The difference was statistically significant (p < 0.05). The percentage change of tooth movement rate for each individual patient was first calculated, as this was a split mouth study. Subsequently, the mean of the individual percentage changes for the seventeen patients was calculated, and it resulted in a 29% mean percent increase in the tooth movement rate when compared to the positive control.




3.2. Root Resorption Analysis


Six subjects from one trial site had dental radiographs instead of CBCTs (due to the lack of CBCT equipment), and, in two additional subjects, the tip of the canine roots were unintentionally not captured in the CBCT scans; hence, these eight patients were excluded from the root resorption analysis. Consequently, for root resorption analysis, thirteen patients’ split mouth data was included in the final analysis. The mean root resorption rate for the LIPUS side was 0.0092 ± 0.0226 mm/week and for the positive control side 0.0241 ± 0.0223 mm/week (Figure 5). Table 3 shows the descriptive analysis of the LIPUS and the positive control side in the active treatment group. The difference was considered statistically significant (p < 0.05).





4. Discussion


Apart from the cost of treatment, the second most frequently asked question to the orthodontist is the duration of treatment. Precisely predicting the duration and completing the treatment in the predicted time are important, as they will not only affect the patient’s compliance but will increase recognition for the orthodontist in longer run [36,37]. Especially in increasing number of adult patients undergoing orthodontic treatment, various methods are used in the practice to accelerate the tooth movement and shorten the duration of treatment. These included both invasive and non-invasive methods. Corticotomy was one of the first methods introduced by Kole in 1959 by cutting the alveolar bone around the teeth [38]. LIPUS is an emerging dental technique for accelerating tooth movement, and it has been used in the medical field as a diagnostic, operative, and therapeutic tool for over five decades [27].



This clinical investigation aimed to evaluate the effect of LIPUS on the rate of tooth movement and root length changes, as an indication of OITRR. A split-mouth design was chosen in the current study, where LIPUS was randomly allocated to one side of each individual, to minimize the variability between individuals or sites. Patient and principal investigators were both blinded to which side was active/placebo throughout the study. A negative control group was used in this study to overcome the possibility of cross-contamination between LIPUS and the positive control side in each patient. There was no significant difference between the positive and negative controls regarding the rate of tooth movement (p = 0.11) and root resorption (p = 0.32). This indicates that any LIPUS that might have reached the control side from the treatment side did not have any effect on tooth movement or root resorption minimization. However, it has been reported that LIPUS power attenuates exponentially as it propagates through dentoalveolar structure.



Twenty-one patients completed the study based on the predetermined selection criteria and device usage compliance. For the tooth movement analysis, there were seventeen split mouth patients, which comprised of six maxilla split mouth patients and eleven split mouth mandible patients. For root resorption analysis, thirteen split mouth patients that were included in the final analysis comprised of four maxilla split mouth patients and nine mandible split mouth patients. Segmented arch mechanics were used to alleviate any possible wire/bracket friction on rate of tooth movement that can be a confounding factor. In the present study, the intraoral LIPUS system provides a statistically significant increase in the tooth movement rate, with an average percentage increase of 29% in tooth movement rate as compared to the control. Similar results were reported in the recent study that was conducted by Maurya et al [30], where LIPUS application increased the orthodontic tooth movement in bimaxillary protrusion cases.



OTM in response to external mechanical forces applied by wire and braces is best explained by “pressure—tension theory”. The direction towards which the tooth moves is the pressure side, while the opposite side is the tension side. On the pressure side, the application of force triggers several metabolic changes in the periodontal ligament (PDL) area, causing inflammation by constricting the blood vessels, causing a lack of nutrient and subsequent hyalinization and cell death [39]. The rate of orthodontic tooth movement depends on the remodeling of the alveolar bone and the rate-limiting factor for tooth movement is bone resorption at the bone and PDL interface [19,40]. Macrophages, odontoclast, and osteoclasts are recruited in the area of hyalinization to eliminate the necrotic tissue, which further leads to resorption of mineralized tissue by secreting tartrate-resistant acid phosphate (TRAP), Cathepsin-K, and matrix metalloproteinase-9 (MMP-9) [41,42].



LIPUS has been shown to have a bio-stimulatory effect on osteoblast and osteoclasts. Additionally, it has shown that LIPUS increases the cell number and activities within PDL that could be important in alveolar bone remodeling [26,43]. The mechanical stimulation from LIPUS is received by the receptors on the cell membrane like integrins [44,45] and GPCR (G-protein coupled receptors) [46] to activate different mechanotransduction pathways in the bone cells. This leads to increased gene expression [47,48], which in turn leads to increased protein expression [49]. LIPUS increases RANK-L (receptor activator of nuclear factor kappa-ligand) protein expression in the osteoclasts to accelerate bone resorption [50,51], while in osteoblasts LIPUS increases bone-forming proteins RUNX2 (runt-related transcription factor 2) [52], OPG (osteoprotegerin) [53], and ALP (alkaline phosphatase) [54].



The statistically significant decrease in root resorption with LIPUS application is consistent with previous studies [55]. This could be due to the suppressive effect of LIPUS on cementoclastogenesis [53], alteration in the expression of OPG/RANKL during the orthodontic tooth movement [56], and enhancing tissue regeneration, hence promoting periodontal healing [57]. CBCT is the only radiograph that can evaluate tooth movement and root length in three dimensions.



To the best of our knowledge, this is the first split-mouth design clinical trial reported in literature, where LIPUS’ stimulatory effect on the rate of tooth movement and OITRR was studied. In addition, to the best of our knowledge, there is no other technique than LIPUS that can minimize OITRR and enhance tooth movement at the same time. Future research might be directed to optimize LIPUS output for the possible enhancement of tooth movement and OITRR results.



The primary limitation of this study is the sample size of twenty-one patients in a split-mouth design (twenty-one data pairs). Secondly, of the twenty-one patients, there were sixteen females and five males. The frequency of female patients in orthodontic practice is more, as females are more concerned about their dental appearance than males [58,59]. A study by Ashari et al [60] also showed about twice the number of females when compared to the male patients. In the future, a clinical trial with a larger sample size, equal gender distribution, and clean treatment and control groups will be undertaken. The present study will help in sample size calculation from the standard deviation calculated and the device usage compliance.




5. Conclusions


Nevertheless, this study should be considered to have important practical implications regarding orthodontic treatment despite the above limitations. LIPUS increased the rate of tooth movement and decreased orthodontically induce root resorption when applied for 20 min per day for up to six months. Based on the results of this study, we reject the null hypothesis and accept the alternate hypothesis that the LIPUS treated side had accelerated tooth movement and reduced root resorption when compared to the control side.







Author Contributions


T.E.-B., K.F., T.D.C., W.W., R.D., T.D., K.K. and B.T. performed bracket bonding, arch-wire insertion and following treatment stages of the patients. T.E.-B., K.F. and K.K. analyzed and interpreted the patients’ data. T.E.-B. and K.F. contributed in drafting and writing the manuscript. All authors read and approved the final manuscript.




Funding


The present study was partially funded by SmileSonica Inc., Edmonton, Canada by providing the salary of a research assistant (part-time) hired to coordinate the documentation at one of the sites. Patients were compensated for car parking ($20 per visit) during their enrollment in the study.




Conflicts of Interest


The authors declare that they have no competing interests.




References


	



Jung, M.H. Evaluation of the effects of malocclusion and orthodontic treatment on self-esteem in an adolescent population. Am. J. Orthod. Dentofacial. Orthop. 2010, 138, 160–166. [Google Scholar] [CrossRef] [PubMed]

	



Rusanen, J.; Lahti, S.; Tolvanen, M.; Pirttiniemi, P. Quality of life in patients with severe malocclusion before treatment. Eur. J. Orthod. 2010, 32, 43–48. [Google Scholar] [CrossRef] [PubMed]

	



Pabari, S.; Moles, D.R.; Cunningham, S.J. Assessment of motivation and psychological characteristics of adult orthodontic patients. Am. J. Orthod. Dentofacial. Orthop. 2011, 140, 263–272. [Google Scholar] [CrossRef] [PubMed]

	



Sergl, H.G.; Zentner, A. Study of psychosocial aspects of adult orthodontic treatment. Int. J. Adult Orthodon. Orthognath. Surg. 1997, 12, 17–22. [Google Scholar]

	



Bichara, L.M.; de Aragón, M.L.C.; Brandão, G.A.M.; Normando, D. Factors influencing orthodontic treatment time for non-surgical Class III malocclusion. J. Appl. Oral. Sci. 2016, 24, 431–436. [Google Scholar] [CrossRef]

	



Skidmore, K.J.; Brook, K.J.; Thomson, W.M.; Harding, W.J. Factors influencing treatment time in orthodontic patients. Am. J. Orthod. Dentofacial. Orthop. 2006, 129, 230–238. [Google Scholar] [CrossRef]

	



Long, H.; Pyakurel, U.; Wang, Y.; Liao, L.; Zhou, Y.; Lai, W. Interventions for accelerating orthodontic tooth movement: A systematic review. Angle Orthod. 2013, 83, 164–171. [Google Scholar] [CrossRef]

	



Roykó, A.; Dénes, Z.; Razouk, G. The relationship between the length of orthodontic treatment and patient compliance. Fogorv. Sz 1999, 92, 79–86. [Google Scholar]

	



Bishara, S.E.; Ostby, A.W. White spot lesions: Formation, prevention, and treatment. Semin. Orthod. 2008, 14, 174–182. [Google Scholar] [CrossRef]

	



Pandis, N.; Nasika, M.; Polychronopoulou, A.; Eliades, T. External apical root resorption in patients treated with conventional and self-ligating brackets. Am. J. Orthod. Dentofacial. Orthop. 2008, 134, 646–651. [Google Scholar] [CrossRef]

	



Yamaguchi, M.; Hayashi, M.; Fujita, S.; Yoshida, T.; Utsunomiya, T.; Yamamoto, H.; Kasai, K. Low-energy laser irradiation facilitates the velocity of tooth movement and the expressions of matrix metalloproteinase-9, cathepsin K, and alpha(v) beta(3) integrin in rats. Eur. J. Orthod. 2010, 32, 131–139. [Google Scholar] [CrossRef] [PubMed]

	



Showkatbakhsh, R.; Jamilian, A.; Showkatbakhsh, M. The effect of pulsed electromagnetic fields on the acceleration of tooth movement. World J. Orthod. 2010, 11, 52–56. [Google Scholar]

	



Kim, D.H.; Park, Y.G.; Kang, S.G. The effects of electrical current from a micro-electrical device on tooth movement. Korean J. Orthod. 2008, 38, 337. [Google Scholar] [CrossRef]

	



Hassan, A.H.; Al-Fraidi, A.A.; Al-Saeed, S.H. Corticotomy-assisted orthodontic treatment: Review. Open Dent. J. 2010, 13, 159–164. [Google Scholar] [CrossRef]

	



Işeri, H.; Kişnişci, R.; Bzizi, N.; Tüz, H. Rapid canine retraction and orthodontic treatment with dentoalveolar distraction osteogenesis. Am. J. Orthod. Dentofacial. Orthop. 2005, 127, 533–541. [Google Scholar] [CrossRef] [PubMed]

	



Nishimura, M.; Chiba, M.; Ohashi, T.; Sato, M.; Shimizu, Y.; Igarashi, K.; Mitani, H. Periodontal tissue activation by vibration: Intermittent stimulation by resonance vibration accelerates experimental tooth movement in rats. Am. J. Orthod. Dentofacial. Orthop. 2008, 133, 572–583. [Google Scholar] [CrossRef] [PubMed]

	



Ojima, K.; Dan, C.; Kumagai, Y.; Schupp, W. Invisalign treatment accelerated by photobiomodulation. J. Clin. Orthod. 2016, 50, 309–317. [Google Scholar] [PubMed]

	



Isola, G.; Matarese, G.; Cordasco, G.; Perillo, L.; Ramaglia, L. Mechanobiology of the tooth movement during the orthodontic treatment: A literature review. Minerva Stomatol. 2016, 65, 299–327. [Google Scholar]

	



Huang, H.; Williams, R.C.; Kyrkanides, S. Accelerated orthodontic tooth movement: Molecular mechanisms. Am. J. Orthod. Dentofacial. Orthop. 2014, 146, 620–632. [Google Scholar] [CrossRef]

	



Tsesis, I.; Fuss, Z.; Rosenberg, E.; Taicher, S. Radiographic evaluation of the prevalence of root resorption in a Middle Eastern population. Quintessence Int. 2008, 39, 40–44. [Google Scholar]

	



Machen, D.E. Legal aspects of orthodontic practice: Risk management concepts. Diagnosis, root resorption, and progress monitoring. Am. J. Orthod. Dentofacial. Orthop. 1989, 95, 267–268. [Google Scholar] [CrossRef]

	



Franklin, E. Why orthodontists get sued. Semin. Orthod. 2002, 8, 210–215. [Google Scholar] [CrossRef]

	



Lupi, J.E.; Handelman, C.S.; Sadowsky, C. Prevalence and severity of apical root resorption and alveolar bone loss in orthodontically treated adults. Am. J. Orthod. Dentofacial. Orthop. 1996, 109, 28–37. [Google Scholar] [CrossRef]

	



Harris, E.F.; Boggan, B.W.; Wheeler, D.A. Apical root resorption in patients treated with comprehensive orthodontics. J. Tenn. Dent. Assoc. 2001, 81, 30–33. [Google Scholar]

	



El-Bialy, T.; Lam, B.; Al-Daghreer, S.; Sloan, A.J. The effect of low intensity pulsed ultrasound in a 3D ex vivo orthodontic model. J. Dent. 2011, 39, 693–699. [Google Scholar] [CrossRef]

	



Al-Daghreer, S.; Doschak, M.; Sloan, A.J.; Major, P.W.; Heo, G.; Scurtescu, C.; Tsui, Y.Y. Effect of low-intensity pulsed ultrasound on orthodontically induced root resorption in beagle dogs. Ultrasound Med. Biol. 2014, 40, 1187–1196. [Google Scholar] [CrossRef]

	



Tanaka, E.; Kuroda, S.; Horiuchi, S.; Tabata, A.; El-Bialy, T. Low-intensity pulsed ultrasound in dentofacial tissue engineering. Ann. Biomed. Eng. 2015, 43, 871–886. [Google Scholar] [CrossRef] [PubMed]

	



Salem, K.H.; Schmelz, A. Low-intensity pulsed ultrasound shortens the treatment time in tibial distraction osteogenesis. Int. Orthop. 2014, 38, 1477–1482. [Google Scholar] [CrossRef] [PubMed]

	



Heckman, J.D.; Ryaby, J.P.; McCabe, J.; Frey, J.J.; Kilcoyne, R.F. Acceleration of tibial fracture-healing by non-invasive, low-intensity pulsed ultrasound. J. Bone Joint Surg. Am. 1994, 76, 26–34. [Google Scholar] [CrossRef]

	



Maurya, R.K.; Singh, H.; Kapoor, P.; Jain, U.; Mitra, R. Effects of low-level laser and low-intensity pulsed ultrasound therapy on treatment duration and pain perception. J. Clin. Orthod. 2019, 53, 154–162. [Google Scholar]

	



El-Bialy, T.H.; Royston, T.J.; Magin, R.L.; Evans, C.A.; Zaki, A.E.; Frizzell, L.A. The effect of pulsed ultrasound on mandibular distraction. Ann. Biomed. Eng. 2002, 30, 1251–1261. [Google Scholar] [CrossRef] [PubMed]

	



Nightingale, C.; Jones, S.P. A clinical investigation of force delivery systems for orthodontic space closure. J. Orthod. 2003, 30, 229–236. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, K.; Uechi, J.; Lee, S.P.; Mizoguchi, I. Three-dimensional analysis of orthodontic tooth movement based on XYZ and finite helical axis systems. Eur. J. Orthod. 2007, 29, 589–595. [Google Scholar] [CrossRef] [PubMed]

	



Burstone, C.J. Rationale of the segmented arch. Am. J. Orthod. 1962, 48, 805–822. [Google Scholar] [CrossRef]

	



Lagravère, M.O.; Carey, J.; Heo, G.; Toogood, R.W.; Major, P.W. Transverse, vertical, and anteroposterior changes from bone-anchored maxillary expansion vs. traditional rapid maxillary expansion: A randomized clinical trial. Am. J. Orthod. Dentofacial. Orthop. 2010, 137, 1–12. [Google Scholar]

	



Shia, G.J. Treatment overruns. J. Clin. Orthod. 1986, 20, 602–604. [Google Scholar]

	



Keim, R.G.; Gottlieb, E.L.; Nelson, A.H.; Vogels, D.S. 2003 JCO orthodontic practice study. Part 4: Additional breakdowns. J. Clin. Orthod. 2004, 38, 17–27. [Google Scholar]

	



Lee, W. Corticotomy for orthodontic tooth movement. J. Korean Assoc. Oral Maxillofac. Surg. 2018, 44, 251–258. [Google Scholar] [CrossRef]

	



Zainal, A.S.H.; Yamamoto, Z.; Zainol, A.L.Z.; Megat, A.W.R.; Zainal, A.Z. Cellular and molecular changes in orthodontic tooth movement. Sci. World J. 2011, 11, 1788–1803. [Google Scholar] [CrossRef]

	



Roberts, W.E.; Huja, S.; Roberts, J.A. Bone modeling: Biomechanics, molecular mechanisms, and clinical perspectives. Semin. Orthod. 2004, 10, 123–161. [Google Scholar] [CrossRef]

	



Brudvik, P.; Rygh, P. The initial phase of orthodontic root resorption incident to local compression of the periodontal ligament. Eur. J. Orthod. 1993, 15, 249–263. [Google Scholar] [CrossRef] [PubMed]

	



Tsuchiya, M.; Akiba, Y.; Takahashi, I.; Sasano, Y.; Kashiwazaki, J.; Tsuchiya, S.; Watanabe, M. Comparison of expression patterns of cathepsin K and MMP-9 in odontoclasts and osteoclasts in physiological root resorption in the rat molar. Arch. Histol. Cytol. 2008, 71, 89–100. [Google Scholar] [CrossRef] [PubMed]

	



El-Bialy, T.; El-Shamy, I.; Graber, T.M. Repair of orthodontically induced root resorption by ultrasound in humans. Am. J. Orthod. Dentofacial. Orthop. 2004, 126, 186–193. [Google Scholar] [CrossRef] [PubMed]

	



Watabe, H.; Furuhama, T.; Tani-Ishii, N.; Mikuni-Takagaki, Y. Mechanotransduction activates α₅β₁ integrin and PI3K/Akt signaling pathways in mandibular osteoblasts. Exp. Cell Res. 2011, 317, 2642–2649. [Google Scholar] [CrossRef] [PubMed]

	



Xia, P.; Wang, X.; Qu, Y.; Lin, Q.; Cheng, K.; Gao, M.; Ren, S.; Zhang, T.; Li, X. TGF-β1-induced chondrogenesis of bone marrow mesenchymal stem cells is promoted by low-intensity pulsed ultrasound through the integrin-mTOR signaling pathway. Stem Cell Res. Ther. 2017, 8, 281. [Google Scholar] [CrossRef]

	



Padilla, F.; Puts, R.; Vico, L.; Raum, K. Stimulation of bone repair with ultrasound: A review of the possible mechanic effects. Ultrasonics 2014, 54, 1125–1145. [Google Scholar] [CrossRef]

	



Li, J.K.; Chang, W.H.; Lin, J.C.; Ruaan, R.C.; Liu, H.C.; Sun, J.S. Cytokine release from osteoblasts in response to ultrasound stimulation. Biomaterials 2003, 24, 2379–2385. [Google Scholar] [CrossRef]

	



Fávaro-Pípi, E.; Bossini, P.; de Oliveira, P.; Ribeiro, J.U.; Tim, C.; Parizotto, N.A.; Alves, J.M.; Ribeiro, D.A.; Selistre de Araujo, H.; Renno, A.C.M. Low-intensity pulsed ultrasound produced an increase of osteogenic genes expression during the process of bone healing in rats. Ultrasound Med. Biol. 2010, 36, 2057–2064. [Google Scholar] [CrossRef]

	



Yang, Z.; Ren, L.; Deng, F.; Wang, Z.; Song, J. Low-intensity pulsed ultrasound induces osteogenic differentiation of human periodontal ligament cells through activation of bone morphogenetic protein-smad signaling. J. Ultrasound Med. 2014, 33, 865–873. [Google Scholar] [CrossRef]

	



Chiu, C.Y.; Tsai, T.L.; Vanderby, R.; Bradica, G.; Lou, S.L.; Li, W.J. Osteoblastogenesis of mesenchymal stem cells in 3-D culture enhanced by low-intensity pulsed ultrasound through soluble receptor activator of nuclear factor kappa B ligand. Ultrasound Med. Biol. 2015, 41, 1842–1852. [Google Scholar] [CrossRef]

	



Rego, E.B.; Inubushi, T.; Miyauchi, M.; Kawazoe, A.; Tanaka, E.; Takata, T.; Tanne, K. Ultrasound stimulation attenuates root resorption of rat replanted molars and impairs tumor necrosis factor-α signaling in vitro. J. Periodont. Res. 2011, 46, 648–654. [Google Scholar] [CrossRef] [PubMed]

	



Akagi, H.; Nakanishi, Y.; Nakanishi, K.; Matsubara, H.; Hirose, Y.; Wang, P.L.; Ochi, M. Influence of low-intensity pulsed ultrasound stimulation on expression of bone-related genes in rat bone marrow cells. J. Hard Tissue Biol. 2016, 25, 1–5. [Google Scholar] [CrossRef]

	



Inubushi, T.; Tanaka, E.; Rego, E.B.; Ohtani, J.; Kawazoe, A.; Tanne, K.; Miyauchi, M.; Takata, T. Ultrasound stimulation attenuates resorption of tooth root induced by experimental force application. Bone 2013, 53, 497–506. [Google Scholar] [CrossRef] [PubMed]

	



Unsworth, J.; Kaneez, S.; Harris, S.; Ridgway, J.; Fenwick, S.; Chenery, D.; Harrison, A. Pulsed low intensity ultrasound enhances mineralisation in preosteoblast cells. Ultrasound Med. Biol. 2007, 33, 1468–1474. [Google Scholar] [CrossRef]

	



Raza, H.; Major, P.; Dederich, D.; El-Bialy, T. Effect of low-intensity pulsed ultrasound on orthodontically induced root resorption caused by torque: A prospective, double-blind, controlled clinical trial. Angle Orthod. 2016, 86, 550–557. [Google Scholar] [CrossRef]

	



Dalla-Bona, D.A.; Tanaka, E.; Inubushi, T.; Oka, H.; Ohta, A.; Okada, H.; Miyauchi, M.; Takata, T.; Tanne, K. Cementoblast response to low- and high-intensity ultrasound. Arch. Oral Biol. 2008, 53, 318–323. [Google Scholar] [CrossRef]

	



Rego, E.B.; Inubushi, T.; Kawazoe, A.; Tanimoto, K.; Miyauchi, M.; Tanaka, E.; Takata, T.; Tanne, K. Ultrasound stimulation induces PGE2 synthesis promoting cementoblastic differentiation through EP2/EP4 receptor pathway. Ultrasound Med. Biol. 2010, 36, 907–915. [Google Scholar] [CrossRef]

	



Baldwin, D.C. Appearance and aesthetics in oral health. Commun. Dent. Oral Epidemiol. 1980, 8, 244–256. [Google Scholar] [CrossRef]

	



Grzić, R.; Spalj, S.; Lajnert, V.; Glavicić, S.; Uhac, I.; Pavicić, D.K. Factors influencing a patient’s decision to choose the type of treatment to improve dental esthetics. Vojnosanit Pregl. 2012, 69, 978–985. [Google Scholar] [CrossRef]

	



Ashari, A.; Mohamed, A.M. Relationship of the dental aesthetic index to the oral health-related quality of life. Angle Orthod. 2016, 86, 337–342. [Google Scholar] [CrossRef]








[image: Jcm 09 00804 g001 550] 





Figure 1. The CONSORT flow diagram. 
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Figure 2. Low-intensity pulsed ultrasound (LIPUS) device used in the clinical trial including A: handheld electronics; B: mouthpiece containing LIPUS transducers; and, C: oral ultrasound gel. 
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Figure 3. A case in the LIPUS group at the beginning (top left) and two months of the treatment (top right) the patient’s lower right side was treated by LIPUS and lower left side was control. CBCT scan showing root angulation after canine retraction (bottom left LIPUS treated side and right is control). 
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Figure 4. Comparison of the weekly rate of tooth movement in the active group. 
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Figure 5. Comparison of the weekly rate of root resorption in the active group. 
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Table 1. Comparison of the weekly rate of tooth movement and root resorption between the positive and negative control groups.
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Tooth Movement

	
Root Resorption




	
Mean (mm/Week)

	
SD

	
p Value

	
Mean (mm/Week)

	
SD

	
p Value






	
Positive control

	
0.232

	
0.0855

	
0.11

	
0.0241

	
0.0226

	
0.32




	
Negative control (n = 10)

	
0.201

	
0.0398

	
0.02836

	
0.0247
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Table 2. Comparison of the weekly rate of tooth movement between the LIPUS and the positive control sides in the split-mouth group.
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Max (mm/Week)

	
Min (mm/Week)

	
Mean (mm/Week)

	
SD

	
Percent Change *

	
p Value






	
LIPUS (n = 17)

	
0.495

	
0.138

	
0.266

	
0.0927

	
29%

	
0.0164




	
Positive control (n = 17)

	
0.388

	
0.045

	
0.232

	
0.0855








* As the study was a split mouth, the mean percent change for tooth movement rate (29%) was calculated as the mean of the individual percentage changes for the seventeen patients.
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Table 3. Comparison of the weekly rate of root resorption between the LIPUS and positive control side in the split-mouth group.
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Max (mm/Week)

	
Min (mm/Week)

	
Mean (mm/Week)

	
SD

	
Percent Change *

	
p Value






	
LIPUS (n = 13)

	
0.49

	
−0.03

	
0.0092

	
0.0226

	
220.8%

	
0.0423




	
Positive control (n = 13)

	
0.057

	
−0.014

	
0.0241

	
0.0223








* As the study was a split mouth, the mean percent change for root resorption rate (220.8%) was calculated as the mean of the individual percentage changes for the thirteen patients.
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