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Increasing the amount of corticotomy does not affect orthodontic tooth movement

or root resorption, but accelerates alveolar bone resorption in rats

Summary

Objectives: The purpose of this study was to evaluate the relationships among the
volume of bone cut during corticotomy, amount of tooth movement, volume of root
resorption, and volume of the resultant alveolar bone resorption after tooth movement.
Methods: Ten-week-old female Wistar rats were distributed into the corticotomy
groups and a control group that underwent sham corticotomy. Two experiments
employing two different orthodontic forces (10 or 25 g) and experimental periods (14
or 21 days) were performed. The volumes of the bone cut by corticotomy were 0.1 mm?,
1.0 mm?, and 1.7 mm?® in the 25-g groups, and 1.0 mm? and 1.7 mm?® in the 10-g groups.
Nickel-titanium closed-coil springs were set on the maxillary left first molars to induce
mesial movement. After orthodontic tooth movement, the amount of tooth movement,
volume of root resorption, and volume of alveolar bone resorption were measured.

Results: Despite differences in the volume of bone cut among the different corticotomy

groups, there were not significant differences in the amount of tooth movement and
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volume of root resorption between the control group and any of the corticotomy groups.

However, higher volume of bone cut during corticotomy was significantly related to

the decreased alveolar bone volume — in particular, to the reduced height of the

alveolar bone crest after tooth movement.

Conclusions: The volume of the alveolar bone cut during corticotomy does not affect

tooth movement or root resorption in 10-week-old female Wistar rats; however, it may

increase alveolar bone loss after tooth movement.

Introduction

According to clinical reports, the average duration of modern orthodontic

treatment is 21-35 months (1, 2). Although orthodontic treatment generally provides

satisfactory benefits to patients, prolonged treatment periods might be detrimental to

the clinical outcome. The period of orthodontic treatment depends on many factors,

including the severity of malocclusion, variations among individuals, orthodontic

techniques, and patient cooperation. Prolonged orthodontic treatment periods can

increase the risk of complications such as dental decalcification, gingivitis with alveolar
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bone loss, pulpal response, and root resorption (3-5), which might be troublesome for

adult patients, whose numbers have increased dramatically in the last 20 years (6).

Adult patients are generally at a higher risk of periodontal disease and alveolar bone

loss than are younger patients. In addition, the metabolic activity of adults decreases

with age, which might prolong the treatment period. These risks must be minimized in

order to provide safe and reliable orthodontic treatment with results that are satisfactory

to patients. Additionally, adult patients sometimes have private and social matters that

restrict their treatment, and therefore, shortening the treatment period could help meet

their specific needs.

Various mechanisms and appliances have been devised till date to shorten the

treatment period. Many investigators have studied methods such as low-intensity

pulsed ultrasound, magnetic force, electromagnetism, and low-level laser (7, §). In

addition, a method combining orthodontics with surgical treatment to accelerate tooth

movement has been reported (9). To our knowledge, the first corticotomy-facilitated

orthodontic treatment — an osteotomy to move teeth as a block of bone — was reported

by Kéle in 1959 (10).

A current method that is believed to accelerate tooth movement involves the

application of surgical stress localized to the alveolar cortical bone (corticotomy). Bone
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remodeling has been reported to be accelerated after a fracture, osteotomy, or bone

graft; this process was referred to as the “regional acceleratory phenomenon” (RAP) by

Frost, who described the self-healing process after fracture (11, 12). Wilcko et al. (13,

14) published clinical reports indicating that, similar to the RAP, bone remodeling was

accelerated by corticotomy, with increased tooth movement and decreased root

resorption observed around the surgical site. However, existing literature lacks

sufficient evidence to support the reliability of this novel and interesting method. In

addition, most studies on corticotomy have focused on the rate of acceleration of tooth

movement or the decrease of root resorption. The potential disadvantages of

corticotomy need to be considered in addition to its benefits. Corticotomy might cause

substantial inflammation, which includes pain, swelling, and subsequent alveolar bone

loss (15). It is well known that the regeneration of horizontal bone loss through

periodontal treatment is difficult (16, 17). Moreover, the volume of the cortical bone

cut during corticotomy is not negligible. Therefore, it is necessary to determine the

relationship between the amount of corticotomy and the final volume of alveolar bone

loss.

The aim of this study was to evaluate and verify the relationships among the

volume of alveolar bone cut by corticotomy, tooth movement, root resorption, and the
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resultant bone loss after tooth movement.

Materials and methods

This study was approved by the ****** [nstitutional Animal Care and Use

Committee (approval number 1012090890).

Ten-week-old female Wistar rats (SLC, Shizuoka, Japan; body weight, 170—180

g) were used in this study. The rats were housed in plastic cages in a colony room and

fed a standard pellet diet and water ad libitum. The rats were allowed a week for

acclimatization before the experiments.

Experimental design

We performed two experiments with different orthodontic forces, volumes of bone

cut, and experimental periods. In Experiment 1, a 25-g orthodontic force was applied for

14 days; in Experiment 2, a 10-g orthodontic force was applied for 21 days (Figure 1).

In the previous study, an orthodontic force of 25 g applied to the upper first molar of rats

— arather heavy force, corresponding to approximately 500 g of force applied to a human

upper first molar — clearly induced severe root resorption and tooth movement with high

reproducibility, in 14 days (18). Therefore, we supposed that the experimental model

subjected to a 25-g force might be suitable for evaluation of heavy root resorption. On the
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other hand, in the previous study, an orthodontic force of 10 g was found to induce much

less root resorption, but with sufficient tooth movement, in 21 days, compared to the 25-

g force (18). Moreover, a cycle of orthodontic tooth movement starts with the

hyalinization of the periodontal ligament and is completed with the regeneration of the

periodontal tissue in 21 days (19). Therefore, the 10-g force application for 21 days is

considered to be suitable for evaluation of physiological tooth movement. We performed

different types of corticotomy to study the effect of the volume of bone cut on tooth

movement and root resorption (Figure 2). In Experiment 1, 40 rats were randomly divided

into 4 groups; while 3 were subjected to different types of corticotomy (1 pit, 4 lines, and

circumference of the tooth), the remaining group received no surgical operation (control).

In Experiment 2, 30 rats were randomly divided into 3 groups; while 2 received

corticotomy (mesial and circumference of the tooth), the remaining group received no

surgical operation (control; Figure 2). At the beginning of the experiment, each group

was composed of 10 rats. However, 14 rats were finally excluded from a total of 70 rats

because of death or unfastening of the orthodontic appliance during the experiment period.

Corticotomy and appliance setting

Corticotomy, appliance setting, and micro-computed tomography (micro-CT) were

performed under general anesthesia induced by intramuscular injection of 87 mg/kg
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ketamine hydrochloride (Ketalar 50, Sankyo, Tokyo, Japan) in combination with 13

mg/kg xylazine hydrochloride (Celactal 2%, Bayer-Japan, Tokyo, Japan). Corticotomy

was performed as follows. Full-thickness flaps were elevated at the mesial site of the

maxillary left first molar. The cortical bone was cut at a depth of 0.3 mm using a number

1/4 round bur and a dental handpiece at a low speed (100 rpm) under saline irrigation.

The extent of corticotomy in the control (no operation) and the extent of the severest

corticotomy (circumference of the tooth) were constant between experiments 1 and 2. The

flaps were repositioned after surgery and secured with a nylon suture (size 4-0).

The design and volume of the cut cortical bone were varied in Experiments 1 and 2

(Figure 2). After corticotomy, a nickel-titanium closed-coil spring (Sentalloy, Tomy,

Fukushima, Japan) was set to move the maxillary left first molar mesially. To fix the

spring, a 0.008-inch stainless steel ligature was ligated around the cervical part of the

maxillary left first molar on one side and through a transverse hole drilled in the right and

left incisors. The occlusal surfaces of the molars, except for the maxillary left first molar,

were raised using a self-curing resin (Super-Bond, Sun Medical, Shiga, Japan) to

eliminate any occlusal force on the maxillary first molar that was moved by orthodontic

force (Figure 3). Corticotomy and setting of the coil spring were performed on the same

day. Because incisors in rodents grow continuously, the coil springs were reset every 7
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days.

Micro-CT (RmCT, Rigaku, Tokyo, Japan) images were acquired on days 0, 3, 7, 14,

and 21 (Figure 1). The image acquisition conditions were as follows: X-ray source voltage,

90 V; current, 100 mA; scanning time, 2 min; and resolution, 20 um/pixel. The machine

used for image acquisition was a cone-beam CT scanner, which can repeatedly acquire

images of live animals under anesthesia. The rats were euthanized by overdosing with

carbon dioxide on days 14 and 21 in Experiments 1 and 2, respectively.

Measurement of tooth movement

The amount of orthodontic tooth movement was measured on the micro-CT images

acquired on days 3, 7, and 14 in Experiment 1 and on those acquired on days 3, 7, 14, and

21 in Experiment 2, using a three-dimensional (3D) image reconstruction software (i-

view, J. Morita, Kyoto, Japan). The following three parameters were defined to measure

tooth movement (Figure 4).

1. Distance between contact points — the distance between the contact points of the

maxillary left first and second molars identified on the image on day 0.

2. Shortest distance — the shortest distance between the distal surface of the maxillary

left first molar and the mesial surface of the maxillary left second molar.

3. Angle of tooth inclination — the change in tooth inclination defined by the mesial
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root of the maxillary left first molar and the occlusal plane.

The amount of eruption of the incisors and the change in the angle of the coil spring

caused by eruption were also measured.

Measurement of the volume of root resorption

The volume of root resorption was measured as described previously (18). In short,

five roots of the first molars were divided into 3 parts (mesial, middle, and distal) using

diamond disks, and the mesial, distobuccal, and distopalatal roots were further evaluated

in this study. The root resorption craters on the apical third region were not evaluated

since the root apexes surrounded by cellular cementum continuously change their shape

and dimension in rats because of changes by the secondary cementum, as described

previously (20). The resorption craters on the mesial surface of the mesial, distobuccal,

and distopalatal roots were evaluated using a scanning electron microscope (SEM; TM-

1000, Hitachi, Tokyo, Japan) and a 3D-laser scanning microscope (LSM; VK-8500,

Keyence, Kyoto, Japan). Because the resorption craters on the distal surface of the roots

were scarcely detectable, they were excluded from this study. The surface area of the

resorption craters was measured on the images captured from the SEM using a

commercial software (Mimics, Materialise, Leuven, Belgium). The mean depth of the

root resorption craters was calculated using a laser microscope software program (ImagelJ,
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National Institutes of Health, Bethesda, Maryland, USA). The volume of root resorption

was calculated by multiplying the resorption area by the depth.

Measurement of the volume of bone cut and the alveolar bone resorption

A 3D image analysis software (TRI-BONE, Ratoc System Engineering, Tokyo,

Japan) was used to measure the volume of the cut bone, height of the alveolar bone crest,

and bone resorption. The micro-CT images acquired before and after corticotomy on day

0 and the one acquired on the last day were superimposed over the palatal bone, maxillary

left second and third molars, and zygoma. The volume of the bone cut by corticotomy

was calculated by measuring the bone volume on the 3D images before and after

corticotomy. The height of the alveolar bone crest at the mesial bone ridge of the tooth

was measured. Bone resorption was calculated by subtracting the bone volume on the last

day from the initial bone volume after corticotomy (Figure 5).

The same investigator (****) performed all of the measurements, which were

repeated three times. The mean value of the measurements was used as the final

measurement.

Statistical analysis

Statistical analysis was performed using the EZR software (Saitama Medical Center,
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Jichi Medical University, Saitama, Japan) (21). The orthodontic tooth movement, root

resorption, volume of cut bone, and alveolar bone resorption were compared among the

groups using the Kruskal-Wallis tests. The Mann-Whitney tests and Bonferroni

correction were used as post hoc tests for inter-group comparison (p < 0.05).

Results

Amount of eruption of the incisors

The average amount of eruption of the incisors was 0.51 mm in 7 days and the average

change of the angle of the coil spring was 4.77° for 7 days. There were no significant

differences among the groups in terms of either of these parameters (Figure 6).

Amount of tooth movement

On day 3, all of the measurements (distance between the contact points, shortest

distance, and angle of tooth inclination) were found to have increased in all of the groups,

and they were further increased in all of the groups from day 3 through the respective last

days of each of the experiments. The median values of the distance between the contacts

was 0.24 mm in the control group, 0.27 mm in the 1-pit group, 0.17 mm in the 4-lines

group, and 0.19 mm in the circumference group on day 14 of Experiment 1 (Figure 7A

and Table 1). In Experiment 2, the median values of the distance between the contacts
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was 0.43 mm in the control group, 0.38 mm in the mesial group, and 0.34 mm in the

circumference group on day 21 (Figure 7D and Table 1). The distances between the

contact points in the corticotomy groups were not significantly different from that in the

corresponding control group in either Experiments 1 or 2.

The values of the shortest distance between the first and second molars were slightly

lower than the distance between the contact points throughout the experimental period;

however, there were no significant differences among the groups in either Experiments 1

or 2. (Figures 7B and E and Table 1).

The mean angle of tooth inclination was 1.3° on day 3 and 11° on day 21 (Figures

7C and F and Table 1). The angle of tooth inclination gradually increased in all of the

groups throughout the experimental period, but there were no statistically significant

differences between any of the groups.

Volume of root resorption

In the SEM images, the apical thirds of the roots were covered with thick cementum

with a rough and irregular surface that occasionally contained resorption craters. Isolated

lacunae as well as wide, shallow, and deep resorption craters were found in all of the

experimental groups. The small isolated lacunae were mainly scattered on the mesial roots,

on the cervical half of their mesial surfaces. The wide, shallow, and deep resorption
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craters were scattered mainly on the cervical and middle portions of the distal roots.

In Experiment 1, there were no differences in the root resorption areas of the three

separated roots (mesial, M; distobuccal, DB; and distopalatal, DP) among any of the

groups. Similarly, there were no differences in the total root resorption area among any

of the groups. Furthermore, we did not find any differences in the root resorption depth

or volume among the groups (Figures 8A, B, and C). Similar results were obtained in

Experiment 2; there were statistically significant differences among the groups neither in

terms of the root resorption areas, depths, or volumes of the three roots nor in the total

root resorption volume (Figures 8D, E, and F).

The volume of bone cut and alveolar bone resorption

The volume of the cortical bone cut was distinctly different in every group (Figures

9A and D).

The height of the alveolar bone crest after tooth movement decreased in proportion

to the volume of the bone cut by corticotomy. The largest decrease of the alveolar bone

crest was observed in the circumference groups of both experiments (p < 0.05). In

Experiment 1, the median value of the decrease of the alveolar bone crest in the

circumference group (0.55 mm) was significantly higher than that in the control group

(0.24 mm; Figure 9B and Table 2). Similar results were obtained in Experiment 2 (Figure
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9E and Table 2). The value of the decrease of the alveolar bone crest in the control groups

was almost the same in both Experiments 1 and 2.

Similarly, despite the difference in the period of force application, the volume of

alveolar bone resorption around the tooth increased depending on the volume of the bone

cut in both Experiments 1 and 2 (Figures 9C and F and Table 2). These results were in

contrast to those of root resorption.

Discussion

In this study, the shape and volume of the bone cut by corticotomy were quantified

using micro-CT images, and the damaged cortical bone was clearly quantified. Studies

have reported that an inflammatory reaction is induced by corticotomy, a surgical

procedure performed on the cortical bone, following the activation of bone remodeling

by the RAP (13, 14, 22, 23). Such reactions in the periodontal tissue did not occur in

the present study. Similar to our results, Lee et al. (24) found no evidence of increase

of tooth movement following corticotomy in rats. Furthermore, Murphy et al. (25) also

reported no differences in tooth movement in the presence or absence of corticision

using orthodontic forces of 10 g or 100 g in rats; they also reported no differences in

the number of osteoclasts and osteoblasts. These minority papers strongly support the
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results in this study. At this point, Fanelli et al. reported that papers are less likely to be

published and to be cited if they report negative results, therefore, if publication

pressures increase scientific bias, the frequency of positive results in the literature

should be higher in the more competitive academic environments. (26)

Tooth movement

A small amount of orthodontic tooth movement was observed on days 3 and 7 in

all of the experimental groups in the present study. The initial orthodontic tooth

movement might have primarily been caused by the compression of the periodontal

ligament soon after the application of orthodontic force. On the other hand, some

amount of tooth movement also was observed on days 14 and 21. Tooth movement after

10 days was the result of bone remodeling since bone resorption was obviously

observed in the micro-CT images. On days 14 and 21, there were no differences in

tooth movement between the corticotomy and control groups. The theory behind the

acceleration of tooth movement by corticotomy is believed to be that surgical stress

induces a response in the alveolar bone that causes demineralization around the dental

roots. Orthodontic tooth movement is site-specific bone remodeling involving bone

resorption and bone formation. Tooth movement begins with periodontal stress and is

followed by the production of inflammatory mediators around the periodontal ligament,
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appearance of osteoclasts on the compressed side with subsequent bone resorption, and

appearance of osteoblasts on the tension side with subsequent bone formation (27).

Thus far, many studies have reported on the acceleration of tooth movement by

corticotomy; however, Patterson et al. opined that the quality of the body of evidence

was not high owing to the presence of multiple methodology issues, high risks of bias,

and heterogeneity in the reviewed literatures (28). Though it is not clear why many

contradictory results have been reported, as Fanelli mentioned (26), plural and

complicated factors may have been involved.

Root resorption

We found no differences in any of the root resorption measurements among any

of the corticotomy or control groups in both experiments (1 and 2). The root resorption

cavity of the mesial root was mild, and that of the distal root was severe. The location,

contour, and surface of the root resorption cavities did not differ among the groups.

Brudvik et al. (29) reported that the administration of prostaglandin, a well-known

chemical mediator of inflammation, increased root resorption, although the difference

was not statistically significant. Corticotomy might induce a considerable amount of

inflammatory mediators around the periodontal tissue; however, this inflammatory

reaction on the surface of the cortical bone might not cause an obvious increase in root
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resorption or tooth movement.

Alveolar bone resorption

Although a few studies have examined the bone density after corticotomy, none

has evaluated the relationship between the volume of the bone cut and the subsequent

loss of alveolar bone. In the present study, the precise amount of alveolar bone change

was measured, and the bone volume was found to have decreased obviously around the

corticotomy site following surgery. Surgical stresses such as bone cuts induce

inflammation, causing the activated cells at the inflammatory site to produce

inflammatory cytokines. The inflammatory cytokines are known to enhance osteoclast

differentiation and induction and induce severe bone resorption (30). In the present

study, the alveolar bone volume after corticotomy was found to have decreased in

proportion to the volume of bone cut, although the tooth movement showed no changes.

This decrease of the alveolar bone volume would have resulted from the inflammatory

reaction at the invasive surgical site, as suggested by previous studies.

Horizontal bone loss is clinically regarded as being rather unrecoverable in

periodontics (16, 17). Corticotomy surrounding the tooth poses the risk of decrease in

the height of the alveolar ridge, which might not return to its original position after

long-term orthodontic treatment. Bone loss should be avoided following orthodontic
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treatment should be avoided when corticotomy is performed. Bone grafting with

corticotomy for bone augmentation, as advocated by Wilco et al. (13, 14) be an option.

Further study is necessary to elucidate the suitability of corticotomy for orthodontic

treatment.

Conclusions

The volume of bone cut during corticotomy does not affect tooth movement or

root resorption in 10-week-old female Wistar rats; it may, however, jeopardize the

alveolar bone height after tooth movement.

Acknowledgements: This work was supported by a grant-in-aid for scientific research

from the Ministry of Education, Science, Sports, and Culture of Japan.

References

1. Skidmore, K.J., Brook, K.J., Thomson, W.M. and Harding, W.J. (2006) Factors

influencing treatment time in orthodontic patients. American Journal of Orthodontics

and Dentofacial Orthopedics, 129, 230-238.

2. Vu, C.Q., Roberts, W.E., Hartsfield, J.K. Jr. and Ofner, S. (2008) Treatment

(18]



complexity index for assessing the relationship of treatment duration and outcomes in

a graduate orthodontics clinic. American Journal of Orthodontics and Dentofacial

Orthopedics, 133, 9.e1-9.e13.

3. Richter, A.E., Arruda, A.O., Peters, M.C. and Sohn, W. (2011) Incidence of caries

lesions among patients treated with comprehensive orthodontics. American Journal of

Orthodontics and Dentofacial Orthopedics, 139, 657-664.

4. Ristic, M., Vlahovic, S.M., Sasic, M. and Zelic, O. (2007) Clinical and

microbiological effects of fixed orthodontic appliances on periodontal tissues in

adolescents. Orthodontic and Craniofacial Research, 10, 187-195.

5. Weltman, B., Vig, K.W., Fields, H.W., Shanker, S. and Kaizar, E.E. (2010) Root

resorption associated with orthodontic tooth movement: a systematic review. American

Journal of Orthodontics and Dentofacial Orthopedics, 137, 462-476.

6. Chaison, E.T., Liu, X. and Tuncay, O.C. (2011) The quality of treatment in the adult

orthodontic patient as judged by orthodontists and measured by the Objective Grading

System. American Journal of Orthodontics and Dentofacial Orthopedics, 139, S69-75.

7. Dogru, M., Akpolat, V., Dogru, A.G., Karadede, B., Akkurt, A. and Karadede, M.I.

(2014) Examination of extremely low frequency electromagnetic fields on orthodontic

tooth movement in rats. Biotechnology and Biotechnological Equipment, 28, 118-122.

[19]



8. Cepera, F., Torres, F.C., Scanavini, M.A., Paranhos, L.R., Capelozza Filho, L., Cardoso,

M.A., Siqueira, D.C. and Siqueira, D.F. (2012) Effect of a low-level laser on bone

regeneration after rapid maxillary expansion. American Journal of Orthodontics and

Dentofacial Orthopedics, 141, 444-450.

9. Kisnisci, R.S., Iseri, H., Tiiz, H.H. and Altug, A.T. (2002) Dentoalveolar distraction

osteogenesis for rapid orthodontic canine retraction. Journal of Oral and Maxillofacial

Surgery, 60, 389-394.

10. Kole, H. (1959) Surgical operations on the alveolar ridge to correct occlusal

abnormalities. Oral Surgery Oral Medicine Oral Pathology Oral Radiology and

Endodontology, 12, 515-529.

11. Frost, H.M. (1989) The biology of fracture healing. An overview for clinicians. Part

1. Clinical Orthopaedics and Related Research, 248, 283-293.

12. Frost, H.M. (1989) The biology of fracture healing. An overview for clinicians. Part

II. Clinical Orthopaedics and Related Research, 248, 294-309.

13. Wilcko, M.T., Wilcko, W.M., Pulver, J.J., Bissada, N.F. and Bouquot, J.E. (2009)

Accelerated osteogenic orthodontics technique: a 1-stage surgically facilitated rapid

orthodontic technique with alveolar augmentation. Journal of Oral and Maxillofacial

Surgery, 67,2149-2159.

[20]



14. Murphy, K.G., Wilcko, M.T., Wilcko, W.M. and Ferguson, D.J. (2009) Periodontal

accelerated osteogenic orthodontics: a description of the surgical technique. Journal of

Oral and Maxillofacial Surgery, 67, 2160-2166.

15. Al-Naoum, F., Hajeer, M.Y. and Al-Jundi, A. (2014) Does alveolar corticotomy

accelerate orthodontic tooth movement when retracting upper canines? A split-mouth

design randomized controlled trial. Journal of Oral and Maxillofacial Surgery, 72, 1880—

1889.

16. Papapanou, P.N. and Tonetti, M.S. (2000) Diagnosis and epidemiology of periodontal

osseous lesions. Periodontology 2000, 22, 8-21.

17. Jayakumar, A., Rohini, S., Naveen, A., Haritha, A. and Reddy, K. (2010) Horizontal

alveolar bone loss: A periodontal orphan. Journal of Indian Society of Periodontology,

14, 181-185.

18. Gonzales, C., Hotokezaka, H., Yoshimatsu, M., Yozgatian, J.H., Darendeliler, M.A.

and Yoshida, N. (2008) Force magnitude and duration effects on amount of tooth

movement and root resorption in the rat molar. The Angle Orthodontist, 78, 502-509.

19. Brudvik, P. and Rygh, P. (1995) The repair of orthodontic root resorption: an

ultrastructural study. The European Journal of Orthodontics, 17, 189-198.

20. Leong, N.L., Hurng, J.M., Djomehri, S.I., Gansky, S.A., Ryder, M.I. and Ho, S.P.

(21]



(2012) Age-related adaptation of bone-PDL-tooth complex: Rattus-Norvegicus as a

model system. PLoS One, 7, €35980.

21. Kanda, Y. (2013) Investigation of the freely available easy-to-use software ‘EZR’ for

medical statistics. Bone Marrow Transplantation, 48, 452—458.

22. Baloul, S.S., Gerstenfeld, L.C., Morgan, E.F., Carvalho, R.S., Van Dyke, T.E. and

Kantarci, A. (2011) Mechanism of action and morphologic changes in the alveolar bone

in response to selective alveolar decortications facilitated tooth movement. American

Journal of Orthodontics and Dentofacial Orthopedics, 139, S83-S101.

23. Mostafa, Y.A., Mohamed Salah Fayed, M., Mehanni, S., EIBokle, N.N. and Heider,

A.M. (2009) Comparison of corticotomy-facilitated vs standard tooth-movement

techniques in dogs with miniscrews as anchor units. American Journal of Orthodontics

and Dentofacial Orthopedics, 136, 570-577.

24. Lee, W., Karapetyan, G., Moats, R., Yamashita, D.D., Moon, H.B., Ferguson, D.J. and

Yen, S. (2008) Corticotomy-/osteotomy-assisted tooth movement microCTs differ.

Journal of Dental Research, 87, 861-867.

25. Murphy, C.A., Chandhoke, T., Kalajzic, Z., Flynn, R., Utreja, A., Wadhwa, S., Nanda,

R. and Uribe, F. (2014) Effect of corticision and different force magnitudes on orthodontic

tooth movement in a rat model. American Journal of Orthodontics and Dentofacial

[22]



Orthopedics, 146, 55-66.

26. Fanelli, D. (2010) Do pressures to publish increase scientists' bias? An empirical

support from US States Data. PLoS One, 5, €10271.

27. Kitaura, H., Kimura, K., Ishida, M., Sugisawa, H., Kohara, H., Yoshimatsu, M. and

Takano-Yamamoto, T. (2014) Effect of cytokines on osteoclast formation and bone

resorption during mechanical force loading of the periodontal membrane. The Scientific

World Journal, 2014, 617032.

28. Patterson, B.M., Dalci, O., Darendeliler, M.A. and Papadopoulou, A.K. (2016)

Corticotomies and Orthodontic Tooth Movement: A Systematic Review. Journal of Oral

and Maxillofacial Surgery, 74, 453—473.

29. Brudvik, P. and Rygh, P. (1991) Root resorption after local injection of prostaglandin

E2 during experimental tooth movement. European Journal of Orthodontics, 13,255-263.

30. Boyle, W.J., Simonet, W.S. and Lacey, D.L. (2003) Osteoclast differentiation and

activation. Nature, 423, 337-342.

FIGURE LEGENDS

Figure 1. Experimental protocol. Corticotomy was performed and the orthodontic
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appliance was set on day 0 (open triangle). Micro-CT images were acquired on days 0, 3,

7, 14, and 21 (filled triangle).

Figure 2. A, Corticotomy design. The figures on top show the micro-CT 3D-

reconstructed images of the site of bone cut of the maxillary left first molar; the figures

on the bottom show the schematic drawings. White lines in the schematic drawings

indicate bone cuts. B, intraoral photograph of a rat after corticotomy, but before suturing

of the gingiva, representing the animals of the 1-pit group from Experiment 1.

Figure 3. Appliance design. Figures on the left, micro-CT 3D-reconstructed images;

figures on the right, drawings of the buccal and occlusal views of the appliance. Arrows

indicate the direction of orthodontic force (F).

Figure 4. Measurement of tooth movement. Axial and sagittal micro-CT images after

tooth movement and schematic view of the incisor eruption. A, distance between the

contact points (arrowheads). B, the shortest distance between the upper first and second

molars. Arrowheads indicate the closest points between the first and second molars. C,

Change of the mesial root inclination of the first molar before and after tooth movement,

in the sagittal images. D, length of the incisor eruption. E, the amount of change in the

direction of coil spring.

Figure 5. Micro-CT superimposition images. Micro-CT images acquired on the first and

[24]



last days (red and green, respectively) of the experimental period are superimposed.

White-dashed boxes indicate the measurement areas of the alveolar bone volume (from

the top — alveolar crests: mesial, 1 mm anterior to the first molar mesial root; distal,

distal edge of the first molar before tooth movement; height, 3 mm; width, 3 mm at the

center of mesial root). Crest decrease indicates the decrease of the alveolar bone crest of

the mesial ridge.

Figure 6. Box plot of the eruption of the incisor. A, length of the incisor eruption in

Experiment 1. B, length of the incisor eruption in Experiment 2. C, the amount of change

in the direction of coil spring in Experiment 1. D, the amount of change in the direction

of coil spring in Experiment 2.

Figure 7. Box plot of tooth movement. A, distance between the contact points in

Experiment 1. B, shortest distance between the upper first and second molars in

Experiment 1. C, tooth inclination in Experiment 1. D, distance between the contact

points in Experiment 2. E, shortest distance between the upper first and second molars in

Experiment 2. F, tooth inclination in Experiment 2.

Figure 8. Box plot of root resorption. A, root resorption area in Experiment 1. B, root

resorption depth in Experiment 1. C, root resorption volume in Experiment 1. D, root

resorption area in Experiment 2. E, root resorption depth in Experiment 2. F, root
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resorption volume in Experiment 2.

M; mesial root, DB; distobuccal root, DP; distopalatal root; Total, sum of the three roots;

Average, average of the three roots.

Figure 9. Box plot of the alveolar bone measurements: A, volume of the bone cut during

corticotomy in Experiment 1. B, decrease of the alveolar crest height in Experiment 1. C,

volume of alveolar bone resorption after corticotomy in Experiment 1. D, volume of the

bone cut in experiment 2. E, decrease of the alveolar crest height in Experiment 2. F,

volume of alveolar bone resorption after corticotomy in Experiment 2. *p < 0.05.
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Figure 1

Day0 3 / 14 21

Experiment 1 . F=25 g
Experiment 2 . F=10 g
Operation

Appliance set

Micro-CT A A A A A



Iss Contents
タイプライターテキスト
Figure 1


Figure 2

Experiment 1

Micro-CT image »

Schematic view

4 lines Circumference

Experiment 2

<
@

Mesial Circumference

Intraoral view of
1 pitin Experiment 1



Iss Contents
タイプライターテキスト
Figure 2


Appliance design

Micro-CT buccal view

Micro-CT occlusal view Occlusal view

Figure 3


Iss Contents
タイプライターテキスト
Figure 3


A Distance between contact points

Axial view Sagittal view

B Shortest distance
T Palatal

Axial view Sagittal view
C Tooth inclination
@ first day: —
@ last day: ---
Sagittal view
Incisor eruption Change of coil spring

""""""
B

Buccal view

Figure 4


Iss Contents
タイプライターテキスト
Figure 4


Figure 5

Micro-CT Superposition image:
Around the maxillary left first molar

Occlusal view Palatal view

Measurement area of bone resorption

1 ‘

Sagittal view

\EEL
Axial view



Iss Contents
タイプライターテキスト
Figure 5


Experiment 1 (25g, 14Days)

A Length of the incisor eruption
(mm) -
0.7 1 O Control
4 lines
0.51/® Circumference
044
0.3 -
02 coah GO
0.1 - °
0
DO-3 D3-7 D7-14
C Change of coil spring
(degree)
[1 Control °
61 & 1 pit
54 N 4 lines o
B Circumference i
4 - |
3 -
'] diig e
14 11T °°
0
DO0-3 D3-7 D7-14

(mm

B
)

Experiment 2 (10g, 21Days)

Length of the incisor eruption

0.7 1
0.6 1
0.5 1
0.4 1
0.3 1
0.2 1
0.1 1

[] Control o
Mesial
B Circumference

=]

DO-3 D3-7 D7-14 D14-21

Change of coil spring

L] Control
Mesial
B Circumference

4

DO-3 D3-7 D7-14 D14-21

Figure 6


Iss Contents
タイプライターテキスト
Figure 6


Figure 7
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Figure 8
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Table 1. Amount of the tooth movement ( Experiment 1,2 )

Experiment 1 Experiment 2
D3 D7 D14 D3 D7 D14 D21
Distance between contact points (mm)
Control (n=9) Control (n=9)
Mean 0.11 0.13 0.28 0.04 0.06 0.22 0.46
SD 0.05 0.03 0.09 0.03 0.02 0.11 0.23
Median 0.12 0.12 0.24 0.04 0.06 0.20 0.43
IQR 0.02 0.04 0.09 0.03 0.04 0.05 0.10
1 pit(n=7) Mesial (n=7)
Mean 0.07 0.10 0.27 0.06 0.08 0.24 0.45
SD 0.03 0.02 0.08 0.02 0.01 0.07 0.16
Median 0.08 0.10 0.27 0.06 0.08 0.24 0.38
IQR 0.01 0.03 0.07 0.02 0.00 0.10 0.13
4 lines (n = 8) Circumference (n = 8)
Mean 0.05 0.10 0.21 0.08 0.10 0.21 0.38
SD 0.04 0.02 0.09 0.04 0.03 0.08 0.13
Median 0.06 0.08 0.17 0.09 0.10 0.19 0.34
IQR 0.09 0.02 0.14 0.05 0.03 0.10 0.09
Circumference (n = 8)
Mean 0.07 0.10 0.20
SD 0.02 0.04 0.07
Median 0.07 0.08 0.19
IQR 0.02 0.02 0.07
Shortest distance (mm)
Control (n=9) Control (n=9)
Mean 0.09 0.11 0.25 0.03 0.05 0.19 0.42
SD 0.05 0.03 0.09 0.03 0.02 0.09 0.20
Median 0.09 0.11 0.22 0.04 0.05 0.16 0.37
IQR 0.05 0.04 0.08 0.03 0.03 0.06 0.13
1 pit(n=7) Mesial (n=7)
Mean 0.07 0.09 0.24 0.05 0.06 0.20 0.41
SD 0.03 0.01 0.08 0.02 0.00 0.05 0.14
Median 0.06 0.09 0.24 0.05 0.06 0.20 0.34
IQR 0.03 0.02 0.08 0.03 0.00 0.08 0.11
4 lines (n = 8) Circumference (n = 8)
Mean 0.04 0.08 0.18 0.07 0.09 0.19 0.35
SD 0.04 0.02 0.08 0.04 0.04 0.06 0.12
Median 0.05 0.07 0.16 0.09 0.09 0.18 0.32
IQR 0.06 0.02 0.14 0.04 0.05 0.06 0.09
Circumference (n = 8)
Mean 0.05 0.08 0.17
SD 0.02 0.03 0.06
Median 0.05 0.06 0.17
IQR 0.02 0.03 0.07
Tooth inclination (degree)
Control (n=9) Control (n=9)
Mean 1.47 2.23 4.67 0.99 1.49 6.41 12.41
SD 0.96 1.70 291 0.82 1.21 3.54 6.02
Median 1.19 1.71 5.62 0.57 0.93 6.38 12.57
IQR 1.47 2.29 4.95 1.24 1.09 5.67 5.47
1 pit(n=7) Mesial (n=7)
Mean 1.39 2.53 6.54 1.26 2.49 5.49 11.70
SD 0.58 1.09 2.39 0.66 0.61 5.42 6.16
Median 1.48 2.12 5.59 1.07 2.43 3.18 12.73
IQR 0.67 0.74 2.97 0.65 0.13 3.59 9.29
4 lines (n = 8) Circumference (n = 8)
Mean 1.47 3.33 5.73 0.93 2.52 5.19 7.63
SD 1.29 1.82 4.44 0.76 1.59 3.92 4.73
Median 1.20 3.71 5.92 0.74 3.12 5.28 7.77
IQR 1.14 1.96 4.63 1.33 2.95 6.30 591
Circumference (n = 8)
Mean 2.23 3.76 7.22
SD 0.76 3.00 3.02
Median 2.41 2.90 7.29
IQR 0.75 1.11 3.63

SD: standard deviation IQR: interquaritile range



Table 2. Amount of the decrease of alveolar bone crest and the alveolar bone resorption ( Experiment 1, 2

Experiment 1 Experiment 2
Group Control 1 pit 4 lines Circumference Control  Mesial Circumference
nm=9) m=7) (=9 (n=238) m=9) (@m=9) (n=10)

Decrease of alveolar crest height (mm)

Mean 0.24 0.29 0.31 0.54 0.24 0.54 0.58

SD 0.06 0.06 0.05 0.08 0.06 0.12 0.13

Median 0.24 0.27 0.32 0.55 0.27 0.51 0.63

IQR 0.35 0.36 0.39 0.93 0.42 0.32 0.89
Alveolar bone resorption (mm’)

Mean 2.85 291 3.26 3.64 2.80 3.16 3.55

SD 0.32 0.29 0.32 0.56 0.31 0.30 0.61

Median 2.96 2.98 3.27 3.51 2.88 3.23 3.48

IQR 0.35 0.36 0.39 0.93 0.42 0.32 0.89

SD, standard deviation; IQR, interquaritile range
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