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Localizing the osseous boundaries
of micro-osteoperforations
Lauren N. van Gemert,a Phillip M. Campbell,b Lynne A. Opperman,c and Peter H. Buschangb

Spokane, Wash, and Dallas, Texas
aPriva
bDepa
Texas
cDepa
Dallas
All au
tentia
Addre
donti
Denti
Subm
0889-
� 201
https:
Introduction: The aim of this work was to determine how far the effects of micro-osteoperforations (MOPs)
extend within bone by quantifying the damage caused and the short-term bony adaptations that occur in and
around the injury site. Methods: With the use of a split-mouth design, 34 MOPs (Propel) were randomly
placed in the mandibular furcal bone of 13 beagle dogs either 2 or 4 weeks before killing them. The control
side received no treatment. Vickers hardness microindentation, microscopic computed tomography, and
histologic analyses were performed to evaluate the bone surrounding the MOPs. Results: Microfractures pro-
duced during insertion extended �0.6 mm from the MOP sites. Cortical and trabecular bone were significantly
less dense on the experimental than on the control side up to 4.2 mm from the edge of the MOP, but side differ-
ences were small (\5%) beyond 1.5 mm from the MOP. Experimental cortical bone was significantly softer than
the control bone up to 0.8 mm from the MOP after 2 weeks of healing, and up to 0.5 mm from the MOP after
4 weeks of healing. Hematoxylin and eosin stained sections of cortical and trabecular bone showed small areas
of woven bone within the MOP sites after 2 weeks, and acellular areas of bone extending �0.5 mm from the
MOP. After 4 weeks of healing, there were greater amounts of woven bone, as well as early signs of lamellar
bone, in and around the MOP sites. Markedly increased TRAP activity extending up to 2.5 mm from the MOP
was evident after 2 weeks, but not after 4 weeks. Vital fluorescence staining showed diffuse bone deposition
on the experimental side up to 1.5 mm from the MOP margin. Conclusions: When MOPs are performed in
beagle dogs, demineralization is transient and healing of the injured area, as well as remineralization of bone
affected by MOP placement, begins during the first 2 weeks. Although the transient effects extend farther, the
principal effects extend only �1.5 mm from the MOP site. (Am J Orthod Dentofacial Orthop 2019;155:779-90)
Fixed orthodontic treatment takes �21-27 months
for nonextraction cases and �25-35 months for
extraction cases.1 Variation in treatment time

among patients depends on various factors, including
the amount of tooth movement required, the mechanics
used, and the degree of patient cooperation.2,3 Efforts
must be made to shorten orthodontic treatments
because longer durations increase the risks of white
spot lesions, dental caries, root resorption, and
gingival inflammation.1,4-6
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The average rate of conventional orthodontic tooth
movement is �1 mm per month.7-9 To minimize the
consequences of extended treatment times, as well as
to satisfy many patients' desire for faster treatment,
new techniques focusing on increasing tooth
movements have become popular over the past decade.
Traumatizing bone increases rates of tooth movement
by initiating the regional acceleratory phenomenon
(RAP) and accelerating rates of bone turnover.10-12

Corticotomy-based surgeries are the most commonly
used method to induce the RAP effect,11-13 but
because of their invasiveness there has been recent
interest in less invasive techniques.

Micro-osteoperforations (MOPs), which penetrate
through the gingiva and into the cortical bone adjacent
to teeth, are currently being marketed to accelerate
tooth movements. The most common technique uses
the Propel device (Propel Orthodontics, Milpitas, Calif),
a 1.4-mm surgical stainless steel miniscrew implant
attached to a driver, to create MOPs. Clinically, the tech-
nique has been shown to double the rate of tooth move-
ments,14 but that study's duration was limited and part
of the treatment effect appears to have been due to
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Fig 1. MOPdesignations. Summary of MOPs placed for each duration and location. A total of 34MOPs
were placed over the course of the experiment; 15 MOPs were placed 2 weeks before the dogs were
killed and 19 MOPs were placed 4 weeks before.
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tipping. The experimental literature evaluating the
effectiveness of the MOPs remains controversial.15-18

The short-term effects of MOPs on cortical and
trabecular bone have not been previously investigated.
Most importantly, it remains unknown how far the ef-
fects of MOPs extend within bone. The purpose of the
present study was to evaluate the amount of damage
induced by MOPs and quantify the extent of the subse-
quent remodeling that occurs in and around the injury
site. The goal is to understand why MOPs may not be
effective in accelerating tooth movements.19,20

MATERIAL AND METHODS

This experiment used 13 skeletally mature male
beagle dogs, each �2 years of age and weighing 21-
25 pounds. Dogs were used because their teeth, peri-
odontal ligaments, and alveolar bone qualities are
similar to those of humans.21-23 The Institutional
Animal Care and Use Committee approved the
experimental protocol.

After 10 days of quarantine, the animals were
sedated, received dental prophylaxis, and had periapical
radiographs taken of the right and left sides of the
mandible, including the teeth, to determine MOP sites.
There had to be at least 2 mm of bone between the roots
of the teeth.

After sedation with a ketamine and xylazine mixture,
local anesthesia was administered and the MOPs were
performed in the furcal bone of the experimentalmandib-
ular third premolars, fourth premolars, and first molars.

The MOPs were performed with the use of the Propel
device from buccal to lingual, at a depth of 7 mm, or to
the lingual cortical plate. After placement, periapical and
June 2019 � Vol 155 � Issue 6 American
occlusal radiographs were taken. The Propel miniscrew
was then removed and the trauma site was cleaned
with the use of 2% chlorhexidine gluconate gel.

Each dog received 3 MOPs, except in those cases
where the mental nerve was located in the furcation of
the third premolar. Each animal's mandibular third pre-
molars, fourth premolars, and first molars were randomly
allocated to either the experimental (MOP) or control (no
MOP) side (Fig 1). The teeth were also randomly allocated
to have MOPs placed either 2 or 4 weeks before the dogs
were killed. A total of 34 MOPs were performed, 15
2 weeks before and 19 4 weeks before the dogs were
killed. In one animal, 6 MOPs were performed immedi-
ately before it was killed in the furcations of the mandib-
ular third premolar, fourth premolar, and first molar.

Calcein green was administered intravenously on
days 0 and 24, and alizarin red was administered intra-
venously on day 14. All of the dyes were prepared imme-
diately before their use. At the end of the 4-week
experimental timeline, the animals were killed. The man-
dibles were harvested, initially stored in 4% paraformal-
dehyde (PFA) and then after 2 weeks placed in 0.5% PFA
for long-term storage.

The mandibles were sectioned to produce blocks
�15 mm wide and 25 mm long, each including the third
premolar, fourth premolar, and first molar, as well as the
furcal bone from the alveolar crest to the mandibular
border. Two bone blocks were placed in 27-mm-wide
microscopic computed tomography (mCT) tubes,
immersed in 0.5% PFA, tightly sealed with Parafilm,
loaded into a ScanCo Micro-CT 35 scanner and scanned
at 30 mm resolution, 55 kVp voltage, 145 mA current,
and 600 ms integration time.
Journal of Orthodontics and Dentofacial Orthopedics



Fig 2. 3D mCT reconstructions for evaluating bone density: buccal view. 3D reconstructions of the
block sections were used to determine the density of A, cortical bone and B, trabecular bone at
increasing distances (0.3-mm intervals) from the MOP. The outermost ring of evaluation extended
4.2 mm.
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Three-dimensional (3D) reconstructions of the block
specimens were completed by 1 investigator with the use
of Analyze 12.0 software. The cortical bone volume of
interest was defined with a series of 3D spheres that
began at the edge of the MOP, and radiated outward
for 4.2 mm at intervals of 0.3 mm (Fig 2, A). For each
sphere, the intensity of the buccal cortical bone was
measured and converted to density (density 5
0.9361 3 intensity 1 1041) based on the software
manufacturer's recommendations. For trabecular den-
sity, a thin section of the bone, with a buccolingual
thickness approximately equivalent to the size of the
MOP, was isolated (Fig 2, B), and a series of 3D spheres
(0.3 mm apart) were created, also extending 4.2 mm
from the MOP. Any teeth included within the spheres
were segmented out so that only bone density was
calculated.

The MOPs performed immediately before the dog
was killed were stained with a BaSO4 precipitate, in
which the barium and sulfate ions diffused into the
void spaces present in the bone.17,24 Specimens were
bathed in a solution of equal parts buffered saline,
acetone, and 0.5 mol/L BaCl2 (certified ACS crystal;
Fisher Scientific, Fair Lawn, NJ) in distilled water for
3 days under vacuum pressure (�50 mm Hg). They
were then rinsed and placed in a new solution
composed of equal parts buffered saline, acetone, and
0.5 mol/L NaSO4 (anhydrous powder; Fisher Scientific)
in deionized water for 3 days under vacuum pressure
(�50 mm Hg). The specimens were then rinsed and
imaged with the use of the mCT scanner at 10.0 mm
resolution, 70 kVp voltage, 114 mA current, and
600 ms integration time.
American Journal of Orthodontics and Dentofacial Orthoped
With the use of Analyze 12.0, the lengths of micro-
fractures were measured linearly from the edge of the
MOP to the farthest extent of the precipitate; the mea-
surements were scaled based on the known diameter
of the MOP (1.4 mm). Using the sagittal plane, 4 mea-
surements were taken at each MOP and averaged to
obtain the approximate mean crack length.

The hardness of cortical bone was measured with the
use of a FM-1e Digital Microhardness Tester by 1
blinded investigator. Each sample was sectioned from
buccal to lingual through the site of injury with a Bueh-
ler Isomet low-speed saw (Lake Bluff, Ill) to expose the
affected tissue. The control samples were sectioned in
the same manner, at the same location on the other
side of the jaw.

The samples were embedded in orthodontic resin
(Dentsply), polished with a Economet 3 Variable-Speed
Grinder-Polisher using a series of sandpaper discs (200,
400, 600, 800, and 1200 grit), and microhardness was
tested from the MOP to a distance of 5 mm, at intervals
of 150 mm. A Vickers diamond probe was used at 50 gf
with a dwell time of 15 seconds.25,26 Calibration was
performed with the use of steel samples of known
hardness provided by the manufacturer. The size of
each indentation was measured and the Vickers
hardness (HV) of each sample was calculated based on
the formula HV 5 1.8544 3 F/d2, where F represents
the force in kg and d represents the size of the
diagonal of the indentation in mm.

Twelve experimental (six 2-week samples and six 4-
week samples) and 6 control samples were submitted
to fluorescent microscopy with the use of sagittal ori-
ented slices. An additional 12 experimental (six 2-week
ics June 2019 � Vol 155 � Issue 6
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Fig 3. Cortical bone density afterA, 2 weeks andB, 4 weeks of healing. Density (mg HA/mm3) change
in buccal cortical bone at increasing millimeter distances from MOP edge.
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samples and six 4-week samples) and 6 control samples
were evaluated with the use of traditional hematoxylin
and eosin (H&E) stains and tartrate-resistant acid phos-
phatase (TRAP) stain on slices obtained in a coronal
orientation.

To evaluate the fluorescent dyes, the specimens were
fixed in 4% PFA, dehydrated with an ascending series of
alcohols, embedded in methyl methacrylate, and allowed
to polymerize. They were sectioned from buccal to
lingual with the use of the Isomet low-speed saw at a
thickness of �150 mm, hand-ground to a thickness of
�100 mm, and mounted on coated glass slides and pol-
ished. The images were digitized with the use of a Nikon
Eclipse 80i microscope (www.nikonmetrology.com) at a
magnification of 35.

The samples used for H&E and TRAP staining were
fixed in 4% PFA, decalcified in EDTA, dehydrated
through a graded series of alcohols, cleared with xylene,
and then infiltrated with, and embedded in, paraffin. The
blocks were sectioned with the use of a microtome to a
thickness of 7.5 mm, mounted on coated glass slides,
stained with either H&E or TRAP, visualized under a
Zeiss Axioplan microscope (Carl Zeiss Microscopy,
Thornwood, NY), and photographed with the use of
SPOT 5.0 software (www.spotimaging.com).

Statistical analysis and determination of
significance

Multilevel statistical models27 were used to statisti-
cally evaluate between-side differences in bone density
and microhardness. Two-level models were used to
partition variation between animals at the higher level
and between sides at the lower level. The experimental
June 2019 � Vol 155 � Issue 6 American
and control specimens were compared with the use of
a significance level of P\ 0.05.

RESULTS

After surgery, the MOP sites healed normally with lit-
tle to no swelling and no infections in any of the animals.
All soft tissue trauma caused by MOP placement was
healed within 2 weeks of the procedure.

The 3D reconstructions showed distinct holes where
the MOPs were placed after 2 weeks, as well as a signif-
icant amount of bone in the hole produced by the MOP
after 4 weeks of healing (Fig 3). After 2 weeks, buccal
cortical bone near the MOP sites was significantly less
dense than control bone up to 4.2 mm from the MOP
site. Differences in cortical bone density decreased
with increasing distances from the MOP (Fig 3). Beyond
1.2 mm, differences between experimental and control
bone density were less than 5%. After 4 weeks of healing,
cortical bone density was also significantly less on the
experimental than control sides up to 3.0 mm from the
MOP edge. Beyond 1.5 mm from the MOP edge, the dif-
ferences between the experimental and control densities
were again less than 5%.

Trabecular bone density was significantly less on the
experimental side up to 4.2 mm from the MOP after
2 weeks, and for up to 2.1 mm after 4 weeks of healing
(Fig 4). Differences were less than 5% beyond 0.9 mm
and 1.2 mm from the MOP edge after 2 and 4 weeks,
respectively.

The microfractures created by the MOP were clearly
evident on the mCT sections (Fig 5). The longest cracks
extended �0.8 mm from the MOP. The mean crack
length was 0.6 mm.
Journal of Orthodontics and Dentofacial Orthopedics
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Fig 4. Trabecular bone density after A, 2 weeks and B, 4 weeks of healing. Density (mg HA/mm3)
change in trabecular bone at increasing millimeter distances from MOP edge.

Fig 5. mCT sections used to visualize microfracture pattern. A, Sagittal, B, axial, and C, coronal views
of 3Dl mCT volume used for microfracture pattern analysis. The microfractures produced by placement
of the Propel miniscrew are seen immediately surrounding the MOP site in all 3 views. Microfractures
were stained with the use of a precipitate reaction before mCT analysis, which created a grayscale
threshold difference to allow for visualization.
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Two-week experimental cortical bone was signifi-
cantly softer than control cortical bone up to 0.75 mm
from the edges of the MOPs (Fig 6). The 4-week speci-
mens showed statistically significant differences in hard-
ness up to 0.45 mm from the edges of the MOPs.

The H&E sections of cortical bone (Fig 7), showed
large numbers of osteoblasts and small areas of woven
bone within the MOP sites after 2 weeks of healing.
There also were acellular areas of bone, devoid of oste-
ocytes and with large numbers of empty osteocyte
lacunae, extending �0.5 mm from the MOP sites. After
4 weeks of healing, there were greater amounts of woven
bonewithin theMOP site. Areas of remodeling at 4weeks
American Journal of Orthodontics and Dentofacial Orthoped
were significantly smaller and fewer in number. In addi-
tion, there were new osteocytes and early signs of
lamellar bone within and immediately adjacent to the
MOP site. However, some empty osteocyte lacunae re-
mained and not all of the acellular bone adjacent to
the MOP site had been remodeled. Similar areas of acel-
lular bone were not found in the control bone.

Within the trabecular bone (Fig 8), increases in the
amount of bone and decreases in the trabecular size
immediately surrounding the MOP site were evident after
2 and 4 weeks. Farther from the MOP site, the trabecular
patterns mirrored those of the control bone. After 2 weeks
of healing, there were large numbers of osteoblasts lining
ics June 2019 � Vol 155 � Issue 6
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Fig 6. Cortical bone hardness after A, 2 weeks and B, 4 weeks of healing. Vickers hardness (VH) of
buccal cortical bone at increasing micrometer distances from MOP edge.

Fig 7. H&E staining: cortical bone.32.5 magnification of MOP site and surrounding cortical bone after
A, 2 weeks andB, 4 weeks of healing, compared withC, control bone.D, After 2 weeks of healing (310
magnification), a large numbers of osteoblasts and small areas of woven bone are present within the
MOP hole (dashed outline). In addition, there is an area of dead bone (*) immediately adjacent to the
MOP that is devoid of osteocytes. E, After 4 weeks of healing (310magnification), there is a significant
amount of woven bone within the MOP site (dashed outline), as well as new osteocytes, woven bone
and some early signs of lamellar bone in the area immediately adjacent to the MOP (x). F,310 magni-
fication of control bone.
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areas of demineralization, as well as small areas of woven
bone within the MOP site. Similarly to the cortical bone,
there was an area devoid of osteocytes (empty lacunae
visible at 310 magnification) immediately adjacent and
June 2019 � Vol 155 � Issue 6 American
extending slightly less than 0.5mm from theMOP site. Af-
ter 4 weeks of healing, there were increased amounts of
new woven bone within and immediately surrounding
the MOP site. In addition, both the MOP site and the
Journal of Orthodontics and Dentofacial Orthopedics



Fig 8. H&E staining: trabecular bone.32.5magnification of MOP site and surrounding trabecular bone
after A, 2 weeks and B, 4 weeks of healing, compared withC, control bone. D, After 2 weeks of healing
(310 magnification), less trabeculation is present around the MOP (outlined), large numbers of oste-
oblasts (*), and areas of woven bone present within the MOP (dashed outline). In addition, there is
an area of dead bone devoid of osteocytes immediate adjacent to theMOP (x).E,After 4 weeks of heal-
ing, there continues to be significantly less trabeculation around the MOP site (dashed outline) as well
as an increase in the amount of new woven bone in the MOP and immediately surrounding. F, 310
magnification of control bone.
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bone adjacent to it showed multiple new osteocytes and
small areas of newly formed lamellar bone.

Histologic sections stained with TRAP showed
greater osteoclastic activity after 2 weeks in experi-
mental than in control cortical bone (Fig 9). The 2-
week experimental bone showed extensive TRAP activity
within and beyond the MOP sites, extending �2.6 mm.
The TRAP activity around the MOP sites had declined to
control levels after 4 weeks; some TRAP activity was
evident within the MOP site. TRAP staining of the
trabecular bone also showed increased TRAP activity af-
ter 2 weeks within the MOP site and extending�2.5 mm
from the edges of the MOPs. After 4 weeks of healing,
TRAP activity was still elevated in the MOP site, and
normal TRAP activity was evident in bone surrounding
the MOP, similarly to the control site.

Two weeks after MOP placement, cortical bone (Fig
10) showed increased amounts of diffuse calcein label-
ing around the MOP, extending �0.8-1.0 mm. After
4 weeks, there had been more new mineral deposited
within the MOP site, extending �1.0-1.5 mm from the
edge of the MOP. Beyond this, mineralization of the
experimental and control samples was similar. In
American Journal of Orthodontics and Dentofacial Orthoped
addition to greater amounts of fluorescence (new min-
eral deposition) in the MOP holes, there was less space
between areas of mineralization in both the 2- and 4-
week experimental samples.

Although the patterns of mineralization were similar,
there were greater areas of mineralization in trabecular
than in cortical bone. Mineralization was evident within
and immediately adjacent to theMOP sites after 2 weeks.
The greatest differences in mineralization within the
trabecular bone was evident after 4 weeks of healing.
There was also significantly greater mineralization
within the MOP sites after 4 weeks, again extending
�1.0-1.5 mm from the edge of the MOP. Beyond
1.5 mm, the fluorescence labels showed mineralization
levels similar to the control specimens.
DISCUSSION

The effects of MOPs on bone appears to be tran-
sient. TRAP activity within the MOP sites, and up to
2.5 mm away, was significantly increased after 2 weeks
of healing in both the cortical and trabecular bone, but
declined to control levels after 4 weeks. However, the
ics June 2019 � Vol 155 � Issue 6



Fig 9. TRAP staining:32.5 magnification of osteoclastic activity withinA, 2-week buccal cortical bone,
B, 4-week buccal cortical bone, C, control buccal cortical bone, D, 2-week trabecular bone, E, 4-week
trabecular bone, and F, control trabecular bone. Note the increases in osteoclastic activity within the
MOP site (dashed outline) as well as at the extensive area of activity after 2 weeks of healing. After
4 weeks of healing, the only area of increased activity was within the MOP site.
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experimental cortical and trabecular bone was slightly
less dense after 4 than after 2 weeks. Together, these
results suggest that the duration of the demineraliza-
tion event produced by MOPs is limited, with most of
the effects occurring during the first few weeks. Previ-
ous experimental results support the fact that deminer-
alization continues for �3 weeks following
piezocision.28 Studies evaluating the effects of corti-
cotomies in beagle dogs have shown differences be-
tween experimental and control rates of tooth
movement for �3 weeks, after which differences in
tooth movement, and presumably demineralization,
decreased.13,29,30 This is clinically important because
it implies that the greatest effects on tooth
movement should be expected within the first
3 weeks following MOP placement. An experimental
split-mouth study recently showed that there might
be a slight effect of MOPs on tooth movements during
the first few weeks.20

Healing in the MOP begins soon after the trauma.
The histologic sections showed increased numbers of os-
teoblasts and woven bone within the MOP sites after
2 weeks. After 4 weeks of healing, there were large areas
of woven bone and early lamellar bone. The fluorescence
data showed bone mineralization within the MOP sites
after 2 weeks, and more dramatic amounts of
June 2019 � Vol 155 � Issue 6 American
mineralization after 4 weeks. Kim et al31 also reported
early healing, with osteoblasts present 7 days after cor-
ticision, and increased numbers of osteoblasts and oste-
ocytes in actively forming bone matrix by day 14. In
contrast, osteoclastic activity in the MOP was much
greater after 2 than after 4 weeks. Although reminerali-
zation and demineralization within the MOP site occur
simultaneously, demineralization predominates initially
and was of more limited duration. MOP sites have
been shown to be nearly, but not completely, healed af-
ter 7 weeks.20

The areas around the MOP sites showed similar pat-
terns of healing. Fluorescence showed moderate diffuse
mineral deposition immediately adjacent to the MOP
sites after 2 weeks, and more pronounced mineralization
a short distance away after 4 weeks, especially in trabec-
ular bone. Demineralization of bone around the MOP
sites, which was clearly evident after 2 weeks, had re-
turned to control levels after 4 weeks. Cortical micro-
hardness near the MOP sites was greater after 4 than
after 2 weeks, indicating healing of the microfractures.
De novo bone formation around endosseous implants
is initiated 1 week after placement, with marked new
bone formation along most implant surfaces after
2 weeks and significant amounts of woven and lamellar
bone after 4 weeks.32
Journal of Orthodontics and Dentofacial Orthopedics



Fig 10. Fluorescence microscopy: cortical bone. Vital staining (32.5 magnification) with calcein
(green) and alizarin (red) bone labels. A, Cortical bone after 2 weeks, B, cortical bone after 4 weeks,
C, control cortical bone, D, trabecular after 2 weeks, E, trabecular bone after 4 weeks, and F, control
trabecular bone.
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Normal trabecular healing occurs after MOP place-
ment. The H&E sections demonstrated greater amounts
of woven bone, as well as decreases in the size of
the trabeculae immediately surrounding the MOP site
after both 2 and 4 weeks. Fractures within trabecular
bone are typically repaired through intramembranous
ossification, with bone being laid down directly onto
areas of existing bone.33 In the present study, the trabec-
ulae were smaller in the experimental than the control
bone. Greater numbers of trabeculae, thinner trabeculae,
and less trabecular separation have been associated with
newly formed bone.34-36 The presence of woven bone
with smaller trabecular size in and adjacent to the
MOP sites in the present study indicates that the
bone was newly laid down as part of the normal repair
process.

Unexpectedly, placement of MOPs in the cortical and
trabecular bone produced extensive acellular areas ex-
tending �0.40 mm from the edge of the MOP. This dis-
tance corresponds well with the extent of the
microfractures observed in the present study. The acel-
lular areas were devoid of osteocytes 2 weeks after
MOP placement, with numerous empty osteocyte
lacunae. After 4 weeks of healing, many empty osteocyte
lacunae remained in both the cortical and trabecular
American Journal of Orthodontics and Dentofacial Orthoped
bone, but there were early signs of lamellar bone with
new osteocytes dispersed within the acellular areas.
This finding can be explained by the extensive filopodial
network within the canaliculi of the mineralized bone
that allows osteocytes to communicate.37 They deform
in response to changes in the fluid flow within the canal-
iculi induced by mechanical strains placed on the
bone.38 Studies evaluating bone strain after the place-
ment of self-tapping miniscrew implants (similar to the
screws used to create the MOPs) have shown strains
above the physiologic limits of the bone extending
0.10-0.50 mm into the bone.39,40 There are also
significant decreases in fluid shear stress associated
with microcracks, leading to further osteocyte
apoptosis.37,41,42 The acellular bone identified
immediately adjacent to the MOP is similar to the
hyalinized zones adjacent to the periodontal ligament
seen during orthodontic tooth movement.43 Hyaliniza-
tion limits tooth movement for 2-4 weeks because the
dead osteocytes in these areas are not able to recruit os-
teoclasts to participate in bone remodeling.44 It is
possible that areas of acellular bone around the MOP
sites may also inhibit tooth movements, possibly
negating the demineralization induced adjacent to the
MOP placement site.
ics June 2019 � Vol 155 � Issue 6
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The extent of the microdamage and the greatest
effects on bone produced by the Propel device appear
to extend no more than 1.5 mm from the MOP site.
Microfractures in the present study extended no more
than 0.8 mm from the MOP. Self-drilling miniscrew im-
plants, with diameters similar to the PROPEL device
used in the present study, produce microcracks in the
cortical bone extending 0.75 mm at most.45,46

Decreases in Vickers hardness of the cortical bone in
the present study were limited to 0.75 mm, which
corresponds closely to the extent of the
microfractures. Similarly, the greatest differences in
bone density were obtained immediately adjacent to
the MOP, where the density was �10%-14% lower in
the experimental than the control samples. Density
differences between the experimental and control
samples were \5% beyond 1.5 mm in both the
cortical and trabecular samples. The fact that density
differences extended farther than the microhardness
differences shows that density more precisely
measures the MOPs effects, probably because it is a
3D volumetric measurement taken at a resolution of
30 mm. Evaluating piezocision in rats, Dibart et al28 re-
ported demineralization extending �2.5 mm, which
may be due to greater amounts of trauma induced in
rats, which would produce greater RAP effects.34 As
previously indicated, microfractures produced by the
placement of MOPs decrease fluid shear stress within
the canaliculi, leading to localized osteocyte death.37-42

Apoptotic osteocytes are chemotactic for
osteoclasts.42,47 On that basis, there appears to be a
threshold, around 5%, below which significant
increases in tooth movement will not occur, limiting
the clinically significant extent of the RAP produced
by the placement of MOPs to �1.5 mm.

Importantly, the MOPs also induce a biologically sig-
nificant RAP effect farther away from the trauma sites.
There were significant decreases in cortical and trabec-
ular bone density in the experimental bone 3-4 mm
from the MOP sites, and dramatic TRAP activity after
2 weeks $2.5 mm from the edges of the MOPs. The
extent of this effect was particularly unexpected in
cortical bone, which is metabolically less active than
trabecular bone.48,49 As previously discussed,
osteocytes have multiple projections that allow them
to communicate through the lacunocanalicular
network that lies within the mineralized bone. Each
dendritic process extends �125 mm (0.125 mm) from
the osteocyte, and each osteocyte in human bone has
from 18 to 106 processes.47 This results in the average
osteocyte having a mean total cumulative length of
�4 mm.47 Osteocytes also possess the ability to resorb
bone within their individual lacunae.49 However, unlike
June 2019 � Vol 155 � Issue 6 American
osteoclasts, they do not remove the osteoid matrix.
Therefore, it is possible that the distant RAP observed
in the present study was due to apoptotic osteocytes,
located immediately adjacent to the MOP sites, sending
out a signal through the canalicular network to initiate
demineralization by distant osteocytes. This could be a
mechanism for the mobilization of calcium, which is
needed to repair the injured bone.

The clinical applicability of the present results relates
to the MOPs' potential to accelerate tooth movements.
The present findings indicate that a few MOPs
placed.1-2 mm from the tooth should not be expected
to have of much of an effect on rates of tooth move-
ment. A recent experimental study showed that multiple
MOPs placed 3-7 mm from the teeth being moved did
not increase tooth movements after 7 weeks and had
no effect on osteoblasts, osteoclasts, or mineralization
of bone near the teeth being moved.20 A recent random-
ized split-mouth study of 37 patients showed that
canine retraction was no faster on the side that had 3
MOPs than on the control side.19 For MOPs to accelerate
tooth movements, many would have to be placed close
together and close to the entire root surface.

The major limitation of the present study relates to its
applicability to humans. Of the various species
commonly used in research, including dogs, sheep,
goat, pigs, and rabbits, the bone structure of dogs is
most similar to humans.23 The composition of dog
bone has been shown to more closely approximate hu-
mans than sheep, pig, cow, or chicken bone.21 However,
rates of trabecular and cortical bone healing are faster in
dogs than humans.23 Regarding microstructure, Wang
et al showed that dogs have more plexiform bone than
humans, indicative of bone that grows at faster rates.22

Another limitation of the study is its sample size. The
small but consistent differences observed in cortical
and trabecular bone density would probably have been
statistically significant had the experiment been per-
formed with more animals.

CONCLUSIONS

Within the limits of this study, when MOPs are per-
formed in mandibular furcal bone of beagle dogs, and
evaluations are performed after 2 and 4 weeks:

1. The demineralization effects of MOPs on bone are
transient, and are not evident after 4 weeks.

2. Although bone density is decreased up to 4.2 mm,
the principal effects do not extend more than
1.5 mm from the MOP.

3. MOP placement in cortical and trabecular bone pro-
duces extensive areas of acellular bone adjacent to
the placement site.
Journal of Orthodontics and Dentofacial Orthopedics
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4. Healing of the injured area and bone growth are
evident 2 weeks after the trauma.

5. Normal trabecular healing occurs following MOP
placement.
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