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ABSTRACT

Orthodontically induced root resorption (OIIRR) is an undesirable consequence of orthodontic
treatment and may lead to permanent loss of root structure. A previous clinical trial
demonstrated the effect of LIPUS on tipping type of OTM and reported that LIPUS can promote
cementogenesis. However, the effect of LIPUS on other types of OTM still remains unclear.
Therefore, the aim of this study was to evaluate the effects of LIPUS on OIIRR caused by torque
in human subjects. The study sample consisted of 10 healthy human patients between the ages
of 12-35 years at the start of the study who required extraction of all first premolars as a part of
their routine orthodontic treatment plan. A 15 degree twist was applied in the arch wire using
0.019 x 0.025 TMA wire producing a torque (buccal root) at the bracket level of approximately 5
N-mm. Using a split mouth design, randomization and blinding, one side of the arch received
LIPUS for twenty minutes per day for four weeks at an incident intensity of 30mW/cm? of the
transducers surface area. The other side served as a self-control which received a sham
transducer. After 4 weeks, all first premolars were extracted for regular orthodontic treatment
and a micro-CT analysis was performed of these extracted teeth. Comparison between the two
groups was performed using Linear mixed model analysis. LIPUS treated teeth showed
significantly less damage compared to control as LIPUS reduced the total volume of resorption
lacunae by a mean difference of (0.537 +/- 0.092 mm?3) (P<0.001) and percentage of root
resorption by a mean difference of (0.33 +/- 0.05) (P<0.001). Also, significantly less number of
resorption lacunae were found on all root surfaces in LIPUS group compared to control except
for the distal surface. LIPUS significantly reduced the number of RL at the apical third and middle

third of the root. This reduction in the severity of OIIRR can be clinically significant considering



more extensive OIIRR which occurs during the entire course of orthodontic treatment. However,
future long term studies are required to determine the efficacy of LIPUS in reducing the severity
of OIIRR to a clinical significant level over an extended period of time, as during regular

orthodontic treatment.
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CHAPTER 1: INTRODUCTION



1.1 Statement of problem

Orthodontically induced root resorption (OIIRR) is an unavoidable consequence of orthodontic
treatment and may lead to permanent loss of root structure. The prevalence of OIIRR is high.
OIIRR has been reported as the second most common type of root resorption (RR) after pulpal
infection related root resorption(1). Histological studies have reported the incidence of OIIRR to
be greater than 90%(2). A study which evaluated OIIRR by cone beam computed tomography
(CBCT) showed that the clinical prevalence of minor to severe OIIRR ranges from 94% to 6.6%
respectively(3). It was reported that 6.6% of the patients who underwent orthodontic treatment

had at least one tooth with OIIRR greater than 4 mm in length(3).

Several risk factors have been proposed for OIIRR which include genetic predisposition,
individual’s biologic variability and treatment mechanics. it has been widely associated with the
type of orthodontic tooth movement and magnitude of applied force per unit area(4). Torque
force induces bucco-lingual or facio-lingual rotation of the tooth and is measured by the relative
crown and root inclination perpendicular to the line of occlusion(5). Proper tooth long axis
angulation relative to the occlusal plane have a great significance in dental esthetics and is
considered to have a substantial impact on stability of an ideal occlusal relationship in
orthodontic treatment(5). Torque has been identified as one of the major risk factor for root
resorption(4)(6), particularly the lingual root torque, in which the root apices are moved against

the lingual cortical plate(6).

Several studies have been performed to explore potential treatment for OIIRR(7)(8)(9)(10) but

no clinically acceptable modality have been established except for low intensity pulsed



ultrasound (LIPUS)(11). Previous studies investigating the effects of LIPUS on OIIRR have reported
that LIPUS cannot only prevent OIIRR but can also promote cementum regeneration and
repair(11)(12)(13) (14). The only clinical trial which evaluated the effects of LIPUS on OIIRR was
performed by El-Bialy et al(11). They used a small sample of female patients subjected to tipping
type orthodontic tooth movement and reported that LIPUS therapy was not only effective in
significantly reducing the severity of root resorption caused by tipping but it also promoted

cementum regeneration and repair(11).

The effect on LIPUS on other types of orthodontic tooth movement still remains unclear. Also El-
Bialy et al(11) studied RR by scanning electron microscopy which provides a two dimensional
picture of the resorption caters. Based on these findings, the present clinical trial is aimed to
determine the possible inhibitory effects of LIPUS on orthodontically induced root resorption

caused by torque OTM by using micro computed tomography.



1.2 Literature review

1.2.1 Definition and molecular biology:

Orthodontically induced inflammatory root resorption (OIIRR) is a side effect related to the
biological tissue response to orthodontic tooth movement. When an orthodontic force is applied
on a tooth, it compresses the periodontal ligaments (PDL) in the direction of force and produce
tension on the opposite side. This initiates a localized inflammation in the surrounding
periodontium and enables the tooth to move in the direction of force. This type of inflammatory
process which occurs due to mechanical loading of tooth is an unavoidable consequence of

orthodontic treatment and may lead to permanent loss of root structure.

1 s Daia . a
Orthodontic force Orthodontic force Orthodontic force

Bone formation™\ "~/ resorption

i
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Fig 1: Diagrammatic representation of biology of tooth movement; arrows indicate the

direction of force application and tooth movement.



OIlIRR is a consequence of hyalinised zone elimination process(15). Primary cells involved in the
elimination of necrotic tissue formed as result of mechanical loading during orthodontic tooth
movement are tartrate resistant acid phosphate (TRAP) negative macrophage like cells(16).
Macrophages are phagocytic blood cells and their work is to remove the necrotic tissue. Recently
it has been reported that alteration of M1/M2 macrophage ratio can also effect OIIRR(17).
Macrophages are divided into two distinct phenotypes in vitro, M1 and M2(18), where M1
promotes inflammation by producing large amounts of pro inflammatory cytokines such as tumor
necrosis factor a (TNFa)(19) and M2 inhibit inflammation by producing interleukin 10 (IL-10)(20).
In addition to macrophages, odontoclast cells and osteoclast cells have also been found involved
in elimination of necrotic tissue(21). These cells are primarily responsible for resorption of
mineralized tissue during orthodontic tooth movement and are cytochemically similar to each
other, secreting TRAP, Cathepsin-K and MMP-9(22). Cathepsin—K is a cysteine proteases that is
specific for osteoclastic bone matrix solubilisation. MMP-9 is type of metalloproteinases which
promotes osteoclastic precursor cell migration from the blood vessels into the bone matrix. The
expression of Cathepsin-k and MMP-9 in odontoclast cells is lower than that in osteoclast, thus
explaining that dental root suffers less damage during orthodontic tooth movement compared
to bone(22). The differentiation and proliferation of odontoclast and osteoclast are influenced
by receptor activator of nuclear factor-B ligand (RANKL)(23), osteoprotegerin (OPG)(24) and pro-
inflammatory cytokines like TNFa and interleukin-1Beta (IL-1B)(25). RANKL and OPG are
members of TNF protein family and play a significant role in root resorption(26). RANKL promotes

osteoclast differentiation whereas OPG inhibits osteoclastogenesis(24).



Elimination of necrotic tissue from the inflamed periodontium can damage the outer protective
layer of surrounding root structure which consist of cementoblast cells and cementoid and can
lead to root resorption(27). This resorption process continues until all the necrotic tissue has
been eliminated and the orthodontic force is either discontinued or decreased below a certain

level(28)(29).

1.2.2 Theories of orthodontic tooth movement:

Orthodontic tooth movement is the result of biologic tissue response to an externally applied
force. When an orthodontic force is applied on the tooth, it disturbs the physiologic equilibrium
of the dento facial complex, resulting in tooth movement in the direction of applied force(30).
The classic research about orthodontic tooth movement performed by sandstedt; 1904 (31),
Oppenhiem; 1911 (32) and Schwarz; 1932 (33) led to the development of “Pressure tension”
hypothesis. They proposed that, when an orthodontic force is applied on the tooth, it compresses
the PDL in the direction of force and produces PDL tension on the opposite side. This leads to
occlusion of blood vessels in the pressurized zone resulting in decreased cell replication and
increased clastic activity. Whereas, on the tension side, the stretch in the PDL leads to increased
production of PDL fiber bundles and increased bone formation(31)(32)(33). Bien in 1966(34)
proposed the blood flow or fluid dynamic theory for orthodontic tooth movement. He proposed
that orthodontic forces compresses the PDL in the direction of force vector. This occludes the
blood vessels in these compressed zones which results in their stenosis. The blood vessels beyond
the stenosis swells up and forms aneurysms. This allows the blood gasses to escape into the
interstitial fluid, thus creating a favorable environment for bone resorption(34). Bassett and

Becker in 1962(35) proposed the piezoelectric theory for orthodontic tooth movement.
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According to this theory, the applied orthodontic force tends to bend the adjacent alveolar bone.
This creates an area of concavity and convexity which are associated with negative charge and
positive charges respectively. The negative charge results in bone formation whereas the positive

charge results in bone resorption(35).

1.2.3 Types of cementum

Cementum is a specialized mineralized tissue covering the dentin of the root and helps in
anchoring the teeth to the surrounding alveolar bone. The composition of cementum is similar
to bone except that it is avascular and the organic matrix is largely collagen. Cementum along
with the bone and PDL forms a structural unit which plays an important role during orthodontic
tooth movement (OTM)(36). Cementum is classified into four different types(37). The Acellular
Afibrillar Cementum (AAC) is found only at the cervical region of the tooth at the cemento enamel
junction. The Acellular Extrinsic fiber Cementum (AEC) is observed at the coronal third of the root
and is mainly responsible for anchoring the teeth in its alveolus. The Cellular Intrinsic fiber
Cementum (CIC) is localized at the middle, apical and furcation region of the root and has
regenerative potential. The cellular mixed fiber cementum is found mainly in the apical and

furcation areas of the root and also plays a role in anchoring the teeth in its alveolus(37).

1.2.4 Healing of orthodontically induced root resorption:

The resorbed root surface starts to heal naturally with the invasion of fibroblast like cells into the
active resorption sites from the surrounding PDL(29). The repair process begins as early as first
week of retention depending upon the magnitude of applied force(38). Conflicting information

exist in the literature regarding the repair process. Some studies indicate that repair process



begins at the periphery of resorption lacunae(29), occur in all directions(39) or start at the center
of resorption lacunae and extends towards its periphery(40). At the beginning, new acellular
cementum is deposited in the bottom of resorption caters followed by cellular cementum,
however, the nature of newly deposited cementum may vary depending upon the magnitude of
applied force(40). Some studies suggest that the reparative cementum is principally cellular in
nature(41) and some reported that the reparative cementum is a combination of cellular and
acellular cementum(40). It is also documented that the amount of reparative cementum formed
in the resorption caters is directly proportional with the retention time and inversely proportional

with the magnitude of applied force(40).

The reparative process is unable to completely heal the resorption caters even after long
retention periods. In one of the study it was reported that after twelve weeks of retention only
62.5% of resorption healing was observed(39). Similar results were reported by another
investigator who found that the repair ranges from 28% to 78% after 1 and 8 weeks of retention
respectively(38). This can severely affect the overall root structure and can result in root

shortening at the end of orthodontic treatment.

1.2.5 Diagnosis and Prevalence:

OIIRR has been reported as the second most common type of root resorption (RR) after pulpal
infection related root resorption(1). Histologically root resorption is classified into: cemental or
surface resorption with re modelling, dentinal resorption with repair and circumferential apical

root resorption. Histological studies have reported the incidence of OIIRR to be greater than 90%(2).



Clinically, root resorption is graded on a four point scale(42) where 1; irregular root contour, 2;
apical root resorption less than 2mm of original root length, 3; apical root resorption from 2 mm
to one-third of original root length and 4; apical root resorption greater than one-third of original
root length. Several diagnostic tools are available to clinically detect RR including peri-apical
radiographs, panoramic radiographs, lateral cephalogram and cone beam computed tomography
(CBCT). RRis a three dimensional change in the root structure and conventional two dimensional
diagnostic methods cannot provide an accurate estimate of the amount of RR. Several studies
have reported that conventional two dimensional radiographs tends to either under estimate or
overestimate RR compared to CBCT(43)(44)(45). CBCT provides an accurate three dimensional
image of the teeth and is widely used in orthodontic clinics as a diagnostic tool for orthodontic
patients. A clinical study which evaluated OIIRR by CBCT reported the incidence of OIIRR to be 94%(3).
They was also reported that 6.6% of the patients who underwent orthodontic treatment had at
least one tooth with apical root shortening greater than 4 mm of original root length(3). Maxillary
incisors are found to be more susceptible to OIIRR than any other teeth in the oral cavity followed
by mandibular incisors and first molars(4). A positive correlation was found between OIIRR of
maxillary incisors and large pre-treatment of increased overjet as seen in class Il division | mal-

occlusion(46)(47)(48).

Micro-CT is an x-ray imaging technology that has been used to visualize mineralized tissue in
three dimension and is the current gold standard for the quantification of OIIRR(49). In an ex vivo
analysis of orthodontically treated human teeth using micro-CT, Wierzbicki et al(50) found that
the number, height, depth and volume of resorption lacunae were significantly greater in the

orthodontically treated teeth compared to control(50). Several other investigators have also used



micro-CT to study root resorption caused by different types of orthodontic tooth

movement(51)(52)(53).

Apart from clinical radiological methods and micro-CT, diagnosis of OIIRR by the presence of
biological markers such as dentin matrix protein 1 (DMP 1), dentin phosphophoryn (DPP) and
dentin sialoprotein (DSP) in gingival cervical fluid (GCF) of patients undergoing active orthodontic
treatment has shown promising results(54). A significantly higher level of DSP and DPP was
observed in patients with severe OIIRR compared to patients with mild OlIIRR(54). DSP and DPP
are non-collagenous dentin specific matrix protein involved in the mineralization of pre dentin
into dentin(55). Whereas, DMP 1 is present in bone as well as in dentin(56) and can be an

indicator of bone remodelling rather than OIIRR during orthodontic treatment.

1.2.6 Etiology:

It is widely accepted that OIIRR effect is multifactorial which results from a combination of

individuals biologic variability, genetic predisposition and mechanical factors(4).

Genetics seems to play an important role in determining the severity of RR due to orthodontic
treatment. In one of the study, it was reported that the genetic makeup of the patients rather
than the treatment received was associated with the severity of RR(57). It has been reported that
the allele at IL-1B gene, which is responsible for decreasing the production IL-1 cytokine, can
significantly increase the risk of RR(58). On the contrary, in a retrospective study it was found
that local factors rather than the genetic factors were responsible for OIIRR in human

subjects(59).
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Biologic factors are beyond clinicians control and include previous history of RR(60), root
proximity to cortical bone(6), reduced root length and thin alveolar bone(61). Previously, it was
accepted that teeth with a history of trauma and abnormal root morphology are more prone to

RR than healthy teeth, however, recent clinical studies does not support this finding(4).

Mechanical factors or treatment related factors are also considered to play a role in OIIRR(4).
There is a limited evidence suggesting that continuous forces tends to produce more OIIRR than
discontinuous forces as it allows the resorbed cementum to heal naturally(4). It was found that
heavy forces produced more OIIRR than light forces as heavy forces tend to produce resorption
lacunae at a faster rate, thus compromising tissue repair(4). Extended duration of orthodontic
treatment can also increase the risk of OIIRR(62)(63), although, some investigators do not agree

with this finding(64)(65).

1.2.7 Orthodontically induced root resorption and torque:

There are several different types of orthodontic tooth movement including tipping movement,
bodily movement, intrusive movement, extrusive movement, root up righting and rotation. All
these tooth movements corresponds to different force magnitudes depending upon the severity

of mal-alignment and can cause RR(11)(66)(51)(52)(53).

Torque is defined as the type of force that tends to rotate an object about its axis. In orthodontics,
torque refers to third order relationship of a rectangular arch wire in a rectangular bracket slot
(67). It is a type of force which induces bucco-lingual or facio-lingual rotation of the tooth and is
measured by the relative crown and root inclination perpendicular to the line of occlusion(5).

Proper tooth long axis angulation relative to the occlusal plane has a great significance in dental

11



esthetics and is considered to have a substantial impact on the stability of an ideal occlusal
relationship in orthodontic treatment(68). Torque (force couple) has been identified as one of
the major risk factor for root resorption(53)(6)(69)(70)(71)(72), particularly, when the roots are
moved against the lingual cortical plate(6). It was observed that severe root resorption was 4.5
times more likely if teeth are subjected to torque and 20 times more likely if the root is moved

against the lingual cortical plate(6).

1.2.8 Treatment options and challenges:

Several different types of modalities have been tested in order to treat or prevent OIIRR. These

include pharmacological and non-pharmacological substances.

Pharmacological agents have long been used in medicine and dentistry, however controversial
results exist in the literature regarding their effect on OIIRR. These include corticosteroids (CS),

Bisphosphonate, tetracycline (doxycycline), fluoride and thyroxin.

Corticosteroids (CS) are a group of anti-inflammatory drugs used to treated several inflammatory
conditions such as asthma, allergy, dermatitis etc. They are known to be immunosuppressant in
nature and can also interfere with the normal metabolic process. Numerous side effects of CS
have been documented including disturbances of mineralized tissue metabolism and wound
healing, increase risk of infection and decreased bone formation and osteoporosis(73). CS have
been shown to inhibit the differentiation of pro-osteoblast into osteoblast and can decrease
collagen synthesis from mature osteoblasts(74). Controversial data exist in the literature
regarding the effect of CS on OIIRR. Ashcraft et al(75) applied active orthodontic tooth movement

in rabbits for 14 days and observed increased tooth movement and increased RR in rabbits
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treated with 15 mg/kg of cortisone compared to control. Similar results were reported by Verna
et al(76) who found greater RR in the rats treated with 8 mg/kg per day of methyl prednisolone
compared to control. On the contrary, Ong et al(77) administered 1mg/kg of prednisolone in rats
and applied active orthodontic treatment for 14 days and observed decrease RR in the treatment
group compared to control. However they did not observe any difference in the amount of tooth
movement between the two groups. The effect of CS on OIIRR was found to be dose dependent,

however no clinical trial is available to date to confirm its effectiveness on humans.

Bisphosphonates are potent blockers of bone resorption(78). Several different types of
bisphosphonates are available to treat patients with metabolic disorders associated with increase
bone resorption(79). They are known to have a very high affinity for hydroxyapatite crystals and
bone bounded bisphosphonates are thought to play a very important role in inhibiting
osteoclastic activity(80). Overwhelming evidence exists suggesting that bisphosphonates inhibits
bone resorption by decreasing osteoclast differentiation and proliferation(79)(81)(82)(83). Since
odontoclast and osteoclast are cytochemically similar to each other, it is possible that
bisphosphonates may also inhibit OIIRR(78)(83) by effecting odontoclast activity. However,
contradicting evidence exist in the literature. Igarashi et al(78) in experimental rat model
demonstrated the dose dependent effect of tropical bisphosphonates on OIIRR. Using a split
mouth design, they divided 53 male rats into 3 groups, each having different concentrations of
bisphosphonates; 125, 250 or 500 umol/L. After 3 weeks of active orthodontic tooth movement
they observed significantly less RR on the treatment side compared to control with 500 umol/L
having least amount of RR. However no significant differences were found in the number of

odontoclast between the two groups. Moreover they also concluded that bisphosphonates did

13



not inhibit repair of resorption lacunae(78). Similar results were reported by Igarashi et al(83)
who observed less resorption caters in the bisphosphonate group compared to control with the
least amount of resorption caters in the teeth with highest concentration of systematic
bisphosphonates (0.5 mg P/kg). Moreover, this study also highlighted the inhibitory effect of
bisphosphonates on orthodontic tooth movement. The teeth with the highest dose of
bisphosphonates (0.5 mg P/KG) did not appear to move much beyond the dimensions of PDL
even after 21 day of active treatment(83). On the contrary Alatli et al(84) injected 1-
hydroxyethylidene-1-bisphosphonate (HEBP) in rats and observed alteration of the cementum
surface. The injected HEBP inhibits formation of acellular extrinsic fiber cementum and delayed
formation of cellular mixed fiber cementum thus increasing the susceptibility of the root surface

to OIIRR(84).

Tetracycline are a group of broad-spectrum antibiotic used in the treatment of a variety of
bacterial infections including periodontitis(85). Apart from its anti-microbial effects, tetracycline
also exhibit anti-inflammatory properties by inhibiting metalloproteinases thus preventing
collagen degradation(86). Among tetracycline’s, doxycycline has shown to be effective in
reducing root resorption after a variety of dental procedures including muco-periosteal flap
surgery in rats(87) and re-implanted teeth in monkeys(88). Mavragani et al(85) in an
experimental rat model demonstrated inhibitory effects of low doses of doxycycline (20 mg/ml)
on RR and alveolar bone loss. They observed that the rats treated with doxycycline had less RR
and alveolar bone loss compared to non-doxycycline group. Specific side effects of doxycycline
include  gastrointestinal  disturbances and emergence of tetracycline resistant

microorganisms(89).
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Fluoride is widely used in dentistry due to its anti-cariogenic properties. It changes the molecular
structure of mineralized tissue i.e. replaces hydroxyl group of calcium hydroxyapatite crystals and
forms calcium fluoroapatite crystals, making it more resistant to acid demineralization (90). It can
also inhibit osteoclastic activity by blocking calcium ion release(91) and can also promote bone
formation by increasing the number of osteoblast(92). However, high doses of fluoride can cause
fluorosis, an irreversible condition characterized by discoloration or pitting of enamel
surface(93). Controversial data exist in the literature regarding the effect of fluoride on OIIRR.
Some investigators have shown positive effect of fluoride(7)(94), while others did not confirm
this positive effect(95)(96). In a clinical trial Ersan et al (97) demonstrated the dose dependent
effect of fluoride on OIIRR after 4 weeks of experimental force application. They observed
decreased RR in patients with high fluoride (2 ppm) intake and heavy orthodontic force (225 gm.)
compared to low fluoride (0.05 ppm) intake and heavy force (225 gm.)(97). However, this effect
was not significant after 12 weeks of retention(96). It has been proposed that the effectiveness
of fluoride on OIIRR depends upon several factors such as calcium and vitamin D consumption,

difference of species, duration of fluoride supply and individual sensitiveness to fluoride(98).

L-thyroxin is a synthetic form of a naturally occurring hormone, the thyroid hormone (T4)
secreted by thyroid gland. T4 plays a major role in regulating protein, fat and carbohydrate
metabolism. It also influences bone remodeling by regulating the maturation of different cell
population involved in bone growth(99). It has been shown that administration of L-thyroxin in
rats during 10 days of tooth movement decreased the amount of RR compared to control(100).
Similar results were reported by Shirazi et al(101) who found out that increasing doses of L-

thyroxin decrease the extent of RR while increasing tooth movement. On the contrary, no
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significant differences were found in monocyte production of IL-1f and TNF-a with L-thyroxin

compared to control(102).

Non-pharmacological agents have been used for the prevention/treatment of OIIRR and have

shown good results.

Low level laser therapy (LLLT) is a type of photobiomodulation therapy and has been used in
medicine for more than a decade for its anti-inflammatory and regenerative properties(103). Low
level laser with wave length of 600-1000 nm can stimulate the ongoing biological processes in
the living tissues by promoting collagen synthesis(8), osteogenic cell proliferation and
differentiation(104), and increasing local blood flow(8). It has been shown that LLLT accelerates
tooth movement during orthodontic treatment by increasing the response of the surrounding
tissues to orthodontic force i.e. inflammatory process(105), however, this effect is still
controversial(8). Animal experiments have demonstrated that LLLT can be effective in reducing
the severity of OIIRR by decreasing the RANKL/OPG ratio and can also enhance repair by
stimulating osteoblast and fibroblast(8)(9). However, the exact mechanism of action is still
unclear(8). Systemic effects of LLLT have also been reported indicating that apart from
experimental site, it can also effect the untreated side of the studied subject by stimulating the

release of growth factor and cytokines in the circulatory system(106).

Light emitting diode (LED) is also a type of photobiomodulation therapy with the wavelength
between 630-1000 nm generated by using LED arrays(10). The difference between LLLT and LED
is that laser has a characteristic of coherency while LED is not coherent, therefore has fewer side

effects(10). The only study which demonstrated the effect LED on orthodontic tooth movement
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and OIIRR was performed by Ekizer et al(10). In an experimental rat model they observed
significant increase in orthodontic tooth movement and decrease in RR in the experimental group

compared to control with no systemic side effects(10).

Echistatin is an arginine-glycine-aspartic acid (RGD) containing peptide known for its anti
resorptive effects on mineralized tissue(107). It reduces bone resorption by blocking the
attachment of osteoclast cells to the mineralized tissue by interacting with the functional part of
the integrin structure and preventing tight seal formation which is essential for the
demineralization process(108). Echistatin specifically binds with avB3 integrin receptor
expressed by osteoclast(109). The only study which evaluated the effect of Echistatin on OIIRR
was performed by Talic NF et al(110). In an experimental rat model, they demonstrated that
systemically delivered Echistatin can significantly reduce the severity of OIIRR, however, the

exact mechanism of action is still unclear(110).

Low level laser therapy, LED mediated photobiomodulation therapy and Echistatin have shown
positive effects in reducing RR, however, the number of studies are very limited and no clinical

trial is available to establish their effect on humans.

1.2.9 Low intensity pulsed ultrasound (LIPUS)

Ultrasound is an acoustic energy with frequencies above the level of human hearing. It is a form
of mechanical energy which can be transmitted into body tissues as high frequency acoustic
pressure waves(111). Different intensities of ultrasound have distinct effects on body
tissues(112)(113). Therapeutic ultrasound intensity ranges from 30-70 W/cm?, operative

ultrasound (shock waves) 0.05-27,000 W/cm? and diagnostic ultrasound intensity ranges from 5-
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50 mW/cm? (114). Low intensity pulsed ultrasound also known as LIPUS has gained popularity in
the recent years due to its stimulatory effects on body tissues. The most widely used parameters
of LIPUS are: pulsed frequency of 1.5 MHz, a signal burst width of 200 ps, a signal repetition

frequency of 1 kHz and an intensity of 30 mW/cm?(114)(115)(116).

1.2.9.1 Hypothetical mechanism of action:

LIPUS has gained popularity, however, the biologic mechanism involved in LIPUS stimulated
tissue repair has not yet been fully discovered(114)(117). While propagating through the living
tissues, sound energy is absorbed by the cells at a rate proportional to the density of the
tissues(118)(119), and, this absorption results in the conversion of sound energy into mechanical
agitation of the molecules in the target cells(120). Based on this phenomenon, it has been
proposed that the anabolic effects of LIPUS are most likely due to either mechanical stimuli
and/or Acoustic micro streaming (121)(122). It has been proposed that LIPUS interacts with the
cell through and an integrin molecule which act as a mechano-receptor on the cell
membrane(123)(124). Signals from LIPUS passes through the cell via integrin molecule and
results in activation and phosphorylation of focal adhesion kinase (FAK) which initiates signal
transduction mechanism(125). Also it can increases tyrosine phosphorylation of several signaling
proteins, activation of serine/threonine kinase and alteration in cellular phospholipids and
calcium level(126). Also LIPUS stimulation can activate integrin associated signaling pathways,
such as the mitogen activated protein kinase (MAPK) pathway(127) and the Rho pathway(128)
which are important in different cell functions. The integrin molecule may also function as a
bridge between extracellular matrix, cyto-skeleton proteins and actin filaments(129). LIPUS

stimulation can also induce cyclooxygenase (COX-2) expression through integrin, integrin linked
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kinase and p300 pathway in human chondrocytes resulting in an increased production of

prostaglandin E; (PE2) which plays an important role in bone metabolism(129).

Apart from mechanical stimuli, LIPUS can also induce non-thermal changes in the living tissues
which can be cyclic or noncyclic in nature(114). The main non cyclic effect of LIPUS therapy is
presumably acoustic micro streaming which alters local cell environment by changing the
concentration gradient around the cell membrane(122). This change in the concentration
gradient effects the diffusion of ions across the cell membrane thus promoting fluid flow induced

circulation and re-distribution of nutrients, oxygen and signalling molecules(130).

Several in vitro and in vivo studies have been conducted to examine the mechanism responsible
for LIPUS stimulated effects in living tissues. One of such study demonstrated that ultrasound
induce changes in the rates of influx and efflux of potassium ions in rat thymocytes(122). It has
also been reported that LIPUS accelerated fracture healing is mediated by intra cellular calcium
signalling(131). Also, ultrasound therapy increased transforming growth factor § (TGF B) by
osteoblast and decreased the concentration of interleukin 6 (IL-6) and tumour necrosis factor a
(TNF-a) thus preventing bone loss(132). Moreover, ultrasound stimulates the release of vascular
endothelial growth factor (VEGF) which is associated with endothelial cell proliferation and

migration(133).

1.2.9.2 Applications of ultrasound (LIPUS) in Medicine and Dentistry

LIPUS application has shown to have therapeutic effects on bone remolding. In vivo studies have
demonstrated that LIPUS application can enhance bone regeneration and repair(134), accelerate

bone fracture healing(135) and promote osteogenesis at the site of distraction(135). Thus, LIPUS
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stimulation is clinically established, widely used, and United states Food and Drug Administration

(FDA) has approved LIPUS bone stimulator to accelerate fracture healing(115).

Unlike medicine, ultrasound therapy is relatively new to dentistry and is in use in dental research
for just a decade. It has shown to have stimulatory effect on a variety of cells including
cementoblast(136), odontoblast like cells(137), osteoblast(134), chondrocytes(138), gingival
cells(139)(140) and periodontal ligament cells(141). LIPUS is found to be effective in preventing
RR caused by orthodontic tooth movement(11)(14)(12)(13) and tooth re-implantation(142). Also,
it improves bone healing during sinus augmentation procedures in humans (143) and mandibular
distraction in animals(144)(145). Stimulatory effects of LIPUS on periodontal ligament cells have
also been studied. In an in vitro experiment Inubushi et al(136) applied LIPUS on human
periodontal ligaments cells (immature cementoblast cells) derived from extracted human pre
molars and observed increased differentiation of immature cementoblast and increased Alkaline
phosphatase (ALP) activity resulting in the periodontal tissues regeneration and repair(136). Also,
LIPUS has found to be effective in promoting periodontal tissue regeneration after injury(146)
and surgery(147). Stimulatory effects of LIPUS on odontoblast cells have also been reported(137).
In another study it was reported that LIPUS stimulate odontoblast cells to secrete pre-
dentin(148)(149)(150). A recent study by El-Bialy et al(151) showed that gingival multi potent
cells can be differentiated into neural cells which can be a future technique for dental pulp tissue

engineering.

1.2.10 Ultrasound and orthodontically induced root resorption:
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Cementum is a specialized mineralized tissue covering the outer surface of the root and assist in
anchoring teeth to the surrounding alveolar bone. Although, the composition of cementum is
similar to bone, there are several structural and functional differences between them(136).
Unlike bone, cementum has a very limited remolding potential(152) which can be lost by disease
or inflammation(153). Therefore, regeneration of cementum by ultrasound has gained popularity
among the clinicians in the recent years. El-Bialy et al(154) in an experimental rabbit model
demonstrated that LIPUS application can enhance mandibular growth with continuous incisor

eruption and root formation.

Cementoclastogenesis is depended upon the balance between RANKL and OPG levels in
cementoblast(155). Increasing RANKL/OPG ratio increases cementoclast activity and vice versa.
In an in vitro experiment, Bona et al(156) demonstrated that ultrasound cannot only prevent
OIlIRR by inhibiting cementoclastogenesis but can also promote cementum regeneration and
repair. They observed decrease RANKL/OPG ratio in ultrasound (150 mW/cm?) treated cells
compared to control, thus decreasing cementoclast activity and subsequent decrease in OIIRR.
Also they observed increased number of cementoblast cells after ultrasound (30 mW/cm? and
150 mW/cm?) exposure compared to control(156). Similar but interesting results were reported
by Inubushi et al(14). In an in vitro experiment they demonstrated that LIPUS exposure (30
mW/cm?) increased the RANKL mRNA expression levels in cementoblast and osteoblast,
however, the OPG mRNA expression levels were only increased in cementoblast, thus, suggesting
that LIPUS therapy promotes osteoclastogenesis and prevents cementoclastogenesis(14). Also
they observed that after two weeks of experimental force application that the number of

odontoclast cells were significantly lower, while the number of osteoclast cells were significantly
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higher in LIPUS group (150 mW/cm?) compared to control(14). Moreover, they also observed
decreased resorption area and increased root thickness in LIPUS (150 mW/cm?) compared to
control(14). The stimulatory effect of LIPUS on osteoclastic activity was also reported by El-Bialy
et al(150). In an in vitro experiment they observed increased osteoclasts within the periodontal
ligament in the LIPUS (30 mW/cm?) group compared to control suggesting that LIPUS therapy can
facilitate orthodontic tooth movement. Also they observed increased cementum and pre-dentin

thickness in the LIPUS treated cells compared to control(150).

Alkaline phosphatase (ALP) is a protein found in all body tissues and it escalates the calcification
process of mineralized tissue. It is also considered as an early phenotype marker for mature
cementoblast(156). Type | collagen (COL-l) is one of the major constituent of bone and
extracellular matrix (ECM). Increase in COL-I synthesis is closely associated with development of
differentiated and mineralized tissue(157). Runx-2 is an osteoblast specific transcription factor
and regulates osteoblast differentiation and gene expression(158). It is assumed that Runx-2
found in human periodontal ligament cells may have the same effect on cementoblast
differentiation as it has on osteoblast(136). Inubushi et al(136) in an in vitro experiment
demonstrated that expression levels of ALP, COL-I and Runx-2 mRNA significantly increased in
LIPUS (30 mW/cm?) treated cells compared to control. Moreover, they showed that collagen
synthesis, ALP activity and protein levels of Runx-2 increased significantly after LIPUS exposure,
thus promoting cementum regeneration and repair(136). Similar results were reported by bona
et al(159) who observed increased expression level of ALP mRNA (150 mW/cm?) and increased
calcium content (100 mW/cm?and 150 mW/cm?) in ultrasound treated cells compared to control.

In a short term in vitro experiment, Scheven et al(160) demonstrated the effect of ultrasound on
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odontoblast-like cells and observed that the expression of Collagen-I, Osteopontin (OPN), TFG-
B1 and heat shock protein (hsp) increased after ultrasound application. An interesting finding of
this study was the effect of ultrasound on hsp 25/27, suggesting the role of this protein in

response of odontoblasts to ultrasound(160).

Prostaglandin E2 (PGE2) is one of the important signalling molecules produced by cells and their
role in regulating bone metabolism has been well established. It is assumed that different effects
of PGE2 are explained in part by the activation of different receptors including EP1, EP2, EP3 and
EP4(161), where EP2 and EP4 are responsible for mediating bone formation(162). In an in vitro
experiment Rego et al (163) observed increased PGE2 formation in LIPUS (30 mW/cm?) treated
cells compared to control. Also, the gene expression levels of ALP, bone morphogenic protein 2
(BMP-2) and osteopontin (OPN) significantly increased in LIPUS treated group compared to
control(163). In addition, LIPUS stimulation upregulated the mRNA expression levels of EP2 and
EP4, however, the mRNA expression levels of EP1 and EP3 which were unaffected, thus,
suggesting that LIPUS therapy can promote cementoblast differentiation through EP2/EP4

receptor pathway(163).

Apart from in vitro experiments, in vivo studies had also been conducted to evaluate the effect
of LIPUS on OIIRR. In a clinical trial, El-Bialy et al(11) demonstrated the stimulatory effect of LIPUS
on cementum regeneration and repair. Using a split mouth design, they tipped the premolars
facially with an initial force level of 50 gm accompanied with LIPUS therapy (30 mW/cm?) on left
side whereas the right side was used as a control. LIPUS was applied for 20 min/day for four
weeks after which the teeth were extracted and were analyzed. A significant decrease in the

number and surface area of resorption lacunae was observed in the LIPUS treated premolars
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compared to control. Also LIPUS treated premolars showed significant deposition of new cellular

cementum (reparative cementum) compared to control(11).

In an experimental dog model, Al-Daghreer et al(12) observed less root resorption in the LIPUS
(30 mW/cm?) treated teeth compared to control. They reported that number of resorption
lacunae, total volume of resorption lacunae and percentage of tooth root resorption was
significantly less in the LIPUS group compared to control. Also, they observed deposits of new
cellular cementum on LIPUS treated roots compared to control. Moreover, they also noted that
LIPUS treated group exhibited significantly thicker cementum on middle and apical third of the
root compared to control. The distribution of osteoclast and odontoclast along the root surfaces
were also reported. Significantly higher number of osteoclast cells were found at middle and
apical third of the LIPUS treated root compared to control, whereas, the number of odontoclast
cells were significantly higher at all the three root levels in control group compared to
ultrasound(12), thus, confirming previous findings about the effects of LIPUS on
osteoclastogenesis and cementoclastogenesis(14)(150). Similar results were reported by liu et
al(13). In an experimental rat model, they observed that the total number and surface area of
resorption lacunae was significantly higher in the positive control group (only OTM with no LIPUS)
compared to ultrasound (100 and 150 mW/cm?). Also, a large amount of hew cementum was
found in both LIPUS treated groups (100 and 150 mW/cm?). Moreover, the RANKL/OPG ratio was

significantly lower in ultrasound groups (100 mW/cm?) compared to positive control(13).
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1.3 Objectives and hypothesis

General objective:

To determine the effectiveness of LIPUS in preventing orthodontically induced root resorption

caused by torque force application in human subjects by using micro computed tomography.

Specific objectives:

To measure root resorption variables as follows:

e Number of resorption lacunae on each root surface.
e Height of resorption lacunae

e Deepest depth of resorption lacunae

e Total volume of resorption lacunae

e Percentage of tooth root resorbed

e Distribution of resorption lacunae in different levels/thirds of the root.

Applied objective:

To introduce LIPUS as a potential adjuvant non-invasive modality during application of torque

with the aim of preventing its deleterious effects on tooth i.e. preventing root resorption.

General hypothesis

LIPUS application for 20 min/day when applied during torque application will be effective in

reducing the severity of OIIRR caused by torque in human patients.
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2.1 Ethical approval

This clinical trial has been approved by the Health Research Ethics Board (HREB), University of
Alberta, Canada (Pro 00001454) and all the study participants signed a written informed consent

before the start of the experiment.

2.2 Study sample:

The study participants consisted of 12 healthy individuals, 2 males and 10 females, with the mean
age of 15.5 +/- 5.48 years at the beginning of the study. All the study participants completed and
signed a written informed consent before the start of the experiment. If the participants were 16
years or under, the parents or guardians were asked to complete and sign the written informed
consent on behalf of the study participant. During the experiment, 2 patients (both females) were
eliminated due to non-compliance and their data was not considered for analysis as they did not
complete two thirds of the experiment. Finally 10 patients, 2 males and 8 females completed the

study and their data were analyzed.

2.2.1 Sample size calculation:

The sample size for this study was calculated based on the data published by El-Bialy et al(11).
The sample size for the study was calculated based on the following formula(164):

n =02 * (Z1-a/2 + Z1-g) 2/ d?

n=(120)2 * (1.96 + 0.84)/ (100)?

n=12

The sample size for this study was determined to be 12 subjects per group. The statistical

significance level and the power of the test were set at 0.05 and 0.80 respectively.
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2.2.2 Inclusion criteria:

The study participants were selected according to a strict criteria: Scheduled to receive
orthodontic treatment and extraction of their first maxillary and mandibular premolars of both
i.e. right and left side as a part of their routine orthodontic treatment plan, adolescents or adults
between the ages of 12-35 years, Apical root development of all the first premolars should be
completed, first premolars were sound with no history of trauma/caries or root canal therapy,
available for follow-up visits, willing and able to sign a written informed consent, healthy

individuals with good oral hygiene and compliance.

2.3 Experimental design and treatment mechanics:

The study design for this clinical trial was a prospective split mouth double blinded controlled
clinical trial. The study was conducted at the graduate orthodontic clinic, University of Alberta,

Canada.

The patients visited the orthodontic clinic over a period of four weeks which was the length of
the clinical trial. At the start of the study, metal bands were fitted on the maxillary and
mandibular first permanent molars and an alginate impression was taken and was poured in
plaster for fabrication of Nance appliance and lingual arch appliance in order to provide
maximum anchorage. After one week, a standardized Nance appliance and a lingual arch
appliance was constructed and bonded to the maxillary and mandibular molars respectively with
multi cure glass lonomer cement (3M Unitek, Monrovia, California) (fig 2). Brackets (Synergy R,
Rocky Mountain Orthodontics, Denver, CL, USA) for the maxillary and mandibular first premolars

were bonded on both sides i.e. the right and the left side using “0.021 x 0.025” wires to ensure
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that they were at zero torque at the initial bonding. Then, a 15° twist was applied in the arch wire
(0.019 x 0.025 TMA, Rocky Mountain Orthodontics, Denver, Colorado, USA) so as to facilitate
movement of all the first premolars, producing torque (buccal root torque) at the bracket level
of approximately 5 N-mm (fig 3). The torque value was calibrated in the bio-mechanics lab at
university of Alberta, Canada (table 1) (fig 4). LIPUS application was started on the same day the
orthodontic force was applied and continued for four weeks. LIPUS device was given to the

patients with all the instructions.

Fig 3: Biomechanics of torque application.
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Table 1: Results of Torque calibration measurements performed in the biomechanics lab

S.no Degree Loading Unloading
1. 15 3.320 3.248
2. 15 3.213 2.779
3. 15 4.202 3.984
4. 15 6.579 6.890
5. 15 11.415 10.291
6. 15 0.401 0.371
7. 15 10.096 10.467
8. 15 5.677 3.605
9. 15 3.891 3.144
10. 15 3.399 0.544
11. 15 0.670 0.344
12. 15 9.215 9.399
13. 15 9.072 8.607
14. 15 2.212 0.935
15. 15 3.694 1.989
Mean 15 5.1371 4.43986
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Torque (N-mm)
P

Loading Unloading

Fig 4: Torque calibration measurements (N-mm) (mean +/- SE) performed in the biomechanics

lab

2.4 Blinding and randomization

Before the start of the study, inactive (placebo) and active LIPUS devices were blinded and coded
with subsequent numbers using randomization software and were recorded in a case form.
Sealed opaque envelopes containing the treatment configuration (identification of active and
non-active sides of device) were provided to the study coordinator. The placebo and active LPUS
devices were indistinguishable in appearance and during function. The clinician, the study
coordinator and the patient, all were blinded to the active and control (inactive) sides. The

devices were allocated to the patients in the order of their inclusion to the study. The outcome
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assessor was also blinded to LIPUS treated and control teeth and the blinding code was not

broken until all the data was collected and was analyzed.

2.5 LIPUS application

Each subject in the study received dental LIPUS system configured to apply LIPUS in a split mouth
design. Both the upper and lower first premolars on one side of the dental arch were randomly
selected to receive LIPUS therapy with torque i.e. the treatment side, while, the other half only
received torque with no LIPUS therapy i.e. the control side. The control side, however, received
a sham transducer. The clinician, the study coordinator and the patient, all were blinded to which

side is active and which side is control (inactive) LIPUS applicator (transducer).

LIPUS was applied to one side of the arch and the other side was used as a self-control. The
control side, however, received a sham transducer that was applied without activation of the
circuit within the transducer, so that the patients were not aware which side was the
experimental and which side was the control. There was no way to visually detect the difference
in device configuration in the split mouth design and there was no heat generated on the active
side.

Ultrasound was applied for twenty minutes per day, for four weeks by a custom-built ultrasound
device that provides adjustable output parameters and long-term operation stability (Smile
Sonica Inc., Edmonton, AB, Canada). The LIPUS device was set to generate ultrasound pulses with
a repetition rate of 1 KHz. Each pulse had a square envelope with duration of 200 microseconds
2

and a pulse frequency of 1.5 MHz. The ultrasound transducer had an emitting area of 1.56 cm

and it generated a temporal average ultrasound power of 47 mW (or a temporal average
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ultrasound intensity of 30 mW/cm?). The patients were instructed to apply the ultrasound
transducer to the first premolars, in the muco-buccal fold (below the gum line). Intra-oral
ultrasound gel was used to couple the ultrasound energy between the transducer and the muco-
buccal fold. If the transducers were not placed properly in the mouth or gel is not used, the device
warned the subject by displaying a message on the screen with advice on correct usage. In
addition, once the treatment was activated for each daily use, the device automatically counted
20 minutes and switched off at the end of the 20 minute treatment period.

Before and after the experiment, ultrasound devices were inspected for consistency of electrical
waveforms (1 KHz modulation, 200 microseconds pulse duration, and 1.5MHz carrier frequency).
This confirmed that LIPUS devices provided steady ultrasound power output and maintained the
desired electrical parameters throughout the experiment. The Dental LIPUS Devices were
programmed to ensure that only one of the transducers is active/emits ultrasound and the other
one was passive (placebo).

After four weeks, the ultrasound devices were collected, orthodontic appliances and wires were
removed and all the first premolars were extracted and were places in an individually marked
containers of deionized water(165). Patient compliance was verified by checking the patient daily

logs. If necessary, the device time counter was accessed to confirm total usage time.

2.6 Sample preservation for micro-CT:

After four weeks, all the first premolars were extracted and were stored in separate containers
of deionized water for one week (Milli Q, Millipore, Bedford, Mass), which was found to be an

appropriate storage medium(165). The extracted teeth were prepared for micro-CT scanning
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using the same method as described by Bartley et al(53). All the residual periodontal-ligaments
and soft-tissue fragments were removed by placing the teeth in an ultrasonic bath for 10 minutes.
The extracted teeth were then disinfected in 70% alcohol for 30 minutes and were stored in Milli

Q again(53).

2.7 Image reconstruction for micro-CT:

The extracted tooth samples were air dried for a minimum of 48 hours and scanned in a SkyScan®
1076 micro-CT scanner and associated software (Version 2.6.0) at a resolution of 9um using an
x-ray source potential of 100kV, amperage of 100pA, and power of 10W through 180° with a
rotation step of 0.9° at x12 magnification, to produce serial cross-sectional images composed of
isotropic 19.4 mm?3 voxel. Finally the images were reconstructed using NRecon© (Version 1.4.4)
from SkyScan®. Reconstructed images were analyzed using CT Analyser (Version 1.6.1.0, Skyscan

N.V. Kontich, BE).

2.8 Analysis of the reconstructed images of micro-CT:

Analysis of the reconstructed images was performed by the same method as described Wierzbicki
et al(50). Resorption lacunae (RL) were analyzed over the whole length of the tooth, starting at
the cemento-enamel junction (CEJ) and proceeding to the root apex (fig 5). Location and number
of resorption lacunae, height of resorption lacunae (amount of slices over which resorption is
found) and deepest point of resorption (mm) (fig 6) were measured. The volume of RL was
calculated by selecting the surface area of the lacunae with the region of interest (ROI) tool
including the estimated root periphery over all the slices the lacunae was present and allowing

the algorithm in CT analyser software to calculated the volume. The percentage of tooth root
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resorbed was calculated by adding the volume of all RL to the estimated tooth root volume, as
determined by the micro-CT software(50). The roots of the teeth were divided into thirds
(cervical, middle and apical) to analyze the distribution of resorption lacunae along the entire
root length. When all the measurements were completed, the blinding code was broken and the

variables were averaged for the ultrasound and control group.

Fig 5: Micro-CT image showing the tooth with cemento enamel junction

0.21 mm

Fig 6: Micro-CT image showing the measurement of deepest point of resorption lacunae
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2.9 Intra-rater reliability measurements

All the parameters; number and location of RL, height of RL, deepest point of RL, total volume of
RL and percentage of tooth root resorbed, were measured by the same investigator two times

with one week interval to test the intra-rater reliability and measurement error.

2.10 Statistical analysis:

The collected data was analyzed using the Statistical package for the Social Sciences software
(SPSS version 20) for windows. Data was evaluated at individual level, so that descriptive analysis
was performed for each variable by group (Ultrasound vs. Control). Due to split mouth design,
the data had matched-pair structure and the data sets were not independent of each other. Also,
the data was collected repeatedly from the same subject (or patient) where repeated factor is
upper/lower and left/right, and so we had 4 measurements for each subject. As a result,
measurements might have had correlated structure within the subject. To deal with outcomes
measured on the same subject, we performed a linear mixed model assuming specific covariance
(or correlation) structure of outcome variable (e.g., compound symmetry etc.). Intra-rater
reliability for all the variables were determined using the intra-class correlation coefficient in the

same SPSS software.
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3.1 Intra-rater reliability measurements

The intra-rater reliability test results varied among the measured variables where there was an
absolute agreement on the number of resorption lacunae on each root surface. The
measurement reproducibility of other variables were very high where the ICC values ranged from
0.981t0 0.997. The ICC value for the height of RL was found to be 0.995, for the depth of RL0.981
and finally for the total volume of RL and the percentage of root resorption, it was calculated to

be 0.997.

3.2 Root resorption:

Overall, the result of the study demonstrated that LIPUS treated teeth showed significantly less
damage when subjected to torque compared to the control group (Fig 7). The mean RL volume
of the LIPUS group was (0.481 +/- 0.059 mm?3) which was significantly smaller than the control
(1.019 +/- 0.092 mm?3) (P < 0.001) (fig 8) (Table 2). Also, the mean percentage of root resorption
of the LIPUS group (0.214 +/- 0.02) was significantly smaller than the control (0.546 +/- 0.067) (P

< 0.001) (fig 9) (Table 2).

The RL count showed that LIPUS treated teeth had less number of mean RL on all root surfaces
compared to control (Fig 10) (Table 2). LIPUS treated teeth had significantly less number of RL on
buccal surface by a mean difference of (2.789 +/- 0.88), on mesial surface (3.0 +/- 0.83) and on
palatal/lingual surface by a mean difference of (2.3 +/- 0.89) (P < 0.05). As for the distribution of
RL, the pattern was similar between both the groups. All root surfaces had approximately the
same mean number of RL in each group (LIPUS and control group) with buccal surface having

slightly higher count compared to mesial, distal and palatal/lingual surface (Fig 10) (Table 2).
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The values for the corono-apical height and depth of RL were also found to be significantly
different between the two groups with a mean difference of (0.22 +/- 0.05 mm) and (0.016 +/-

0.006 mm) respectively (fig 11) (table 2) (P < 0.05).

When the results were separated and analyzed by thirds, more root resorption was observed at
the apical region than at other levels of the root (fig 12, 13) (table 3 and 4). The apical region had
the highest mean number of RL (16.68 +/- 0.818) followed by middle third (8.15 +/- 0.829) and
cervical third (4.38 +/- 0.38) (Fig 12) (Table 3). LIPUS significantly reduced the number of RL at
the apical level and middle level of the root compared to control (Fig 13) (Table 4) (P < 0.05).
However, no significant differences were found in the number of RL at the cervical level in

between the LIPUS and control group (Fig 13) (Table 4) (P > 0.05).

No significant differences were found in the severity of OIIRR between the upper and the lower
teeth in both the groups (P > 0.05) (table 5 and 6). We were unable to evaluate the effect of
torque on difference age groups due to fairly small number of study participants. And for the
variable of gender, it was not possible to compare because the study sample consisted of 2 males

and 8 females.
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Fig 7: Three dimensional illustration of the micro-CT image of the mandibular premolar showing
root resorption caters (A) LIPUS treated premolar (B) Control premolar (C) Root resorption cater

in detail
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Fig 8: Micro-CT analysis of Total volume of RL (mm?3) (mean +/- SE) in LIPUS and control group
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Fig 9: Micro-CT analysis of Percentage of tooth root resorbed (mean +/- SE) in LIPUS and control

group (*=p < 0.05)
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Fig 11: Micro-CT analysis of Height and Depth of RL (mm) (mean +/- SE) in LIPUS and control

group (*=p < 0.05)
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Fig 12: Micro-CT analysis of overall RL count (mean +/- SE) at different level/third of the root for

both the groups i.e. LIPUS and control group
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Fig 13: Micro-CT analysis of RL count (mean +/- SE) at different level/third of the root

in LIPUS and control group (*=p < 0.05)
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Table 2: Comparison of root resorption measured variables between LIPUS and control groups

along with statistical analysis results

(STE: Standard error; mm: millimeters)

Outcome Group N Mean of raw data Linear mixed model
(STE) (P value)
LIPUS 20
Number of 5.75 (.602)
resorption lacunae
on buccal surface Control 20 8.40 (.796) 0.005
LIPUS 20
Number of 5.40 (.701)
resorption lacunae
on mesial surface Control 20 8.40 (.709) 0.006
LIPUS 20
Number of 5.50 (0.766)
resorption lacunae
on distal surface Control 20 6.95 (1.07) 0.121
Number of LIPUS 20 4.50 (0.52)
resorption lacunae
on palatal/lingual Control 20 0.019
surface 6.80 (0.91)
. . LIPUS 80 0.72 (0.05)
Height of resorption
lacunae (mm 0.007
(mm) Control 80 0.94 (0.07)
. LPUS 80 0.09 (0.005)
Depth of resorption
lacunae (mm 025
(mm) Control 80 0.11 (0.006)
LIPUS 20
Total volume of 0.48 (0.059)
resorption lacunae
<0.001
(mm?) Control 20 1.01(0.092) 0.00
LIPUS 20 0.21(0.02)
Percentage of tooth
root resorbed (% <0.001
(%) Control 20 0.55 (0.06) 0.00
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Table 3: The mean number of resorption lacunae at each level/third of the root

(STE: Standard error)

Part/third of the root N Mean of the raw data (STE)
Cervical third 40 4.38(0.38)
Middle third 40 8.15 (0.829)
Apical third 40 16.68 (0.818)

Table 4: Comparison of resorption lacunae count at each level/third of the root between LIPUS and
control group along with statistical analysis results.

(STE: Standard error)

Outcome Group N Mean of raw data Linear mixed model
(STE) (P value)
LIPUS 20 3.90(0.492)
Cervical third
0.079
Control 20 4.85 (0.595)
LIPUS 20 7.35(1.027)
Middle third
0.046
Control 20 8.95 (1.29)
LIPUS 20 14.95 (1.022)
Apical third
.01
Control 20 18.40 (1.127) 0.0
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Table 5: Comparison of outcomes of root resorption measured variables between the upper and
lower teeth in LIPUS group.

(STE: Standard error)

Outcome Group N Mean of raw data Linear mixed model
(STE) (P value)
upper 10
Number of i 6.58 (0.898)
resorption lacunae
on buccal surface lower 10 5.0 (0.775) 0.169
upper 10
Number of i 4,90 (0.781)
resorption lacunae
on mesial surface lower 10 5.90 (1.187) 0.667
upper 10
Number of PP 6.50 (1.26)
resorption lacunae
on distal surface lower 10 4.50 (0.8) 0.333
Number of upper 10 5.90 (0.623)
resorption lacunae
on palatal/lingual lower 10 0.021
surface 3.10 (0.58)
upper 10 0.22 (0.038)
Percentage of tooth
root resorption 0.959
P lower 10 0.20 (0.029)
tpper 10 0.58 (0.11)
Total volume of RL
mm? 0.139
( ) lower 10 0.40 (0.039)
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Table 6: Comparison of outcomes of root resorption measured variables between the upper and
lower teeth in control group.

(STE: Standard error)

Outcome Group N Mean of raw data Linear mixed model
(STE) (P value)
upper 10
Number of i 9.30(1.3)
resorption lacunae
on buccal surface lower 10 7.50 (0.87) 0.171
upper 10
Number of i 8.80(1.14)
resorption lacunae
on mesial surface lower 10 8.0 (0.882) 0.360
upper 10
Number of PP 8.50 (1.59)
resorption lacunae
on distal surface lower 10 5.40 (1.33) 0.064
Number of upper 10 7.80 (1.54)
resorption lacunae
on palatal/lingual lower 10 0.235
surface 5.80 (0.96)
upper 10 0.64 (0.11)
Percentage of tooth
root resorption | 1 0.059
P ower 0 0.44 (0.06)
tpper 10 1.08 (.154)
Total volume of RL
mm? 0.241
( ) lower 10 0.91(0.112)
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Table 7: Details of individual patients in the study.

Patients age

Patients gender

LIPUS application

1 16 years Female Left
2 23 years Female left
3 14 years Female Right
4 14 years Female Right
5 22 years Female Left
6 17 years Female Right
7 16 years Female Right
8 32 years Female Left
9 17 years Male left
10 16 years male Right
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CHAPTER 4: DISCUSSION
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Some degree of root resorption is an unavoidable consequence of orthodontic treatment and
occurs due to mechanical loading of the teeth which initiates a localized inflammation in the
surrounding periodontium resulting in root loss. The etiology of root resorption is multifactorial
which includes a combination of individual’s biologic variability, genetic predisposition and
mechanical factors(4). Torque is considered as one of the most important forces of the edgewise
arch system(166) and has been identified as a major risk factor for root resorption(6)

(71)(72)(72)(53).

Low intensity pulsed ultrasound is a special type of acoustic pulsed energy which has shown to
have stimulatory effects on a variety of cells including cementoblast(136), odontoblast-like
cells(137), chondrocytes(138), gingival cells(139)(140) and periodontal ligament cells(141). Also,
its non-invasive nature and simple mode of application has made it an attractive choice of
adjuvant therapy during different dental procedures including orthodontic treatment(11) and
maxillary sinus augmentation(143). Based on these findings the present clinical trial evaluated

the inhibitory effects of LIPUS on OIIRR caused by torque.

The study was designed as a split mouth double blind randomized clinical trial. Split mouth design
was preferred over other study designs as it eliminates a large portion of inter individual
variability from the estimates of the treatment effect(167). Also, necessary steps were taken to
ensure adequacy of blinding and randomization in order to eliminate the influence of unknown

confounding factors and to obtain unbiased results.

The study was limited to the first premolars, as they are the most frequently extracted teeth

during orthodontic treatment, making them an ideal candidate for this experiment. The amount
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of force generated by 15 degree of twist in the arch wire during four weeks was sufficient to
study the effect of torque on OIIRR as previous investigators have observed considerable amount

of root resorption after this time(53).

The LIPUS parameters used in this experiment were clinically acceptable as no deleterious effects
had been previously reported(11). It was found to be effective in not only preventing OIIRR, but,

also in promoting cementum regeneration and repair(11)(12)(13).

This clinical trial demonstrated that LIPUS treated teeth showed significantly less damage when
subjected to torque compared to the control group, thus confirming previous findings about the
preventive effects of LIPUS on OIIRR(11)(14)(12)(13). Studies evaluating the effects of LIPUS on
OlIRR have demonstrated that LIPUS application cannot only promote cementogenesis by
increasing ALP activity(136)(159)(163), collagen-I synthesis(136) and protein levels of Runx-

2(136) but can also inhibit cementoclastogenesis by decreasing RANKL/OPG ratio(14)(13).

LIPUS application was found to be effective in significantly reducing the severity of OIIRR caused
by torque as evident by the low values of total volume of resorption lacunae and percentage of
root resorption. LIPUS reduced the total volume of resorption lacunae and percentage of root
resorption by more than 50 percent. This may be due to the anabolic effect of LIPUS on
cementoblast proliferation and differentiation(136). LIPUS when applied for 15 minutes per day,
enhanced the early cementoblastic differentiation of human periodontal ligament cells by
increasing ALP activity. This may have resulted in acceleration of the healing mechanism(136).
Consistent with this finding, Al Daghreer et al(12) also observed significant decrease in total

volume of resorption lacunae (68%) and percentage of root resorption (70%) in LIPUS group
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compared to control. El-Bialy et al(11) also reported significantly less RL area in the LIPUS treated
pre-molars compared to control. Similar results were reported by Liu et al(13) who also observed

decrease RL area in the LIPUS group compared to control.

Wierzbicki et al(50) reported the mean percentage of root resorption of the teeth after
undergoing one year of regular orthodontic treatment to be 0.88% compared to 0.55% of the
control group in this study, where the teeth were subjected to a fairly low level of torque for only

4 weeks. This further signifies the deleterious effect of torque on root resorption.

The resorption process is represented by the number of resorption lacunae on each root surface,
however, the number of lacunae does not necessarily indicates the severity of the process(12).
LIPUS application reduced the number of RL on all root surfaces compared to the control. The
anti-inflammatory property of LIPUS may have played a role in producing this effect(168). LIPUS,
when applied for 3 weeks, reduced the inflammatory activity of synovitis by decreasing the
concentration of TNF-a or IL-1B(168). As these cytokines are also involved in the proliferation
and differentiation of odontoclast cells(25), it can be suggested that LIPUS produced the same
effect during orthodontic tooth movement, resulting in decrease formation of resorption
lacunae. Also, it has been demonstrated that LIPUS can inhibit osteoclast activity by decreasing
the RANKL/OPG ratio(14). Our findings are in accordance with previously reported results which
showed significantly less number of RL in LIPUS treated teeth compared to
control(11)(14)(12)(13). El-Bialy et al(11) in a clinical trial observed decreased number of RL in
LIPUS treated premolars compared to control. Al Daghreer et al(12) in an experimental dog model

observed decreased number of RL in the LIPUS group compared to control. Liu et al(13) in
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experimental rat model also reported decreased number of RL in the LIPUS treated teeth

compared to control.

In the present experiment, it was observed that LIPUS application significantly reduced the
number of RL on all root surfaces compared to control except for the distal surface. The distal
surface in LIPUS group showed lower number of RL compared to control, however, this difference
was not significant. This can be attributed to the variability in tooth morphology or mal
alignment. Most of the patients in this experiment had their first premolars rotated i.e. disto-
palatal rotation, making ultrasound penetration less towards the distal surface (fig 14). Vafaeian
et al(169) in a finite element model analysis demonstrated the quantitative relationship between
the thicknesses of regenerated cementum and ultrasound power. He reported a non-uniform
distribution of ultrasound pressure amplitudes on different root surfaces. This may account for
the variability in the stimulatory and inhibitory effects of LIPUS on different root surfaces. He

observed greater cementum thickness in areas of the root which received greater ultrasound

pressure and vice versa(169).

L Ll X
" .

Fig 14: CBCT images of two patients with an ultrasound transducer (white box), replicating the

ultrasound application during the experiment. This image shows that the buccal and mesial
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surface are closest to the ultrasound transducer, receiving maximum exposure, while the distal

and palatal surface are furthest receiving least ultrasound exposure.

The severity and distribution pattern of resorption lacunae across the root surface is determined
by the direction and magnitude of force application(170)(171). More severe root resorption is
expected to occur in areas under high stress or compression compared to areas under
tension(170)(171). In this study, the distribution pattern of RL on different root surfaces was
similar between both the groups where all root surfaces had approximately the same mean
number of RL. It might be possible that other than the compression side, some form of clastic
activity also occurred on the tension side resulting in the formation of resorption lacunae as was
seen in this experiment. Although, root resorption has been widely associated with compressive
forces(172)(171), few investigators have reported root resorption with tensile
forces(170)(173)(174). In a clinical study, Chan et al(170) reported root resorption with heavy
tensile forces. William et al(173) also observed root resorption on tension side in rats. Al
Daghreer et al(174) also observed resorption lacunae on tension side in dogs. These results
indicate that the traditional opinion that OIIRR only occurs under areas of compression appears
to be incorrect. It seems that OIIRR may be related to the expression of some biologic markers
such as RANKL and OPG, that when present in the area, produces resorption lacunae even on the

tension side.

The height and the depth of resorption lacunae of the LIPUS treated teeth was found to be

significantly less for the treatment side than the control side, confirming the preventive effect of
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LIPUS on OIIRR. The average height and depth of resorption lacunae of the control teeth from
this experiment was found to be 0.94 mm and 0.11 mm respectively. This is in agreement with

Wierzbicki et al(50) who showed comparable results (height 0.867 mm and depth 0.143 mm).

No significant differences were found in the severity of OIIRR caused by torque in between the
upper and lower pre-molars in both the groups. One possible explanation of this could be
relatively lower torque magnitude used in this experiment which was approximately 5 N-mm. As
contact with the cortical plate, particularly the lingual cortical plate is considered as a major risk
factor for OIIRR(6)(69), lower torque magnitude used in this experiment might had prevented the
contact of the roots of both the upper and lower premolars with their respective cortical plate.
However, Future long term clinical trials evaluating the effect of torque on OIIRR will be more

helpful in better understanding this effect.

The present study evaluated the effect of LIPUS on OIIRR caused by torque over a period of four
weeks. Considerable amount of root damage was observed during this time period and it is
possible that the damage would have been greater if the teeth were moved for a longer period
of time, as during regular orthodontic treatment. The results of this study demonstrated that
LIPUS was effective in significantly reducing the total volume of RL and percentage of root
resorption by more than 50 percent compared to control. This reduction in the severity of OlIIRR
can be clinically significant considering more extensive OIIRR which occurs during the entire
course of orthodontic treatment. Therefore, it can be extrapolated that LIPUS therapy can be an
effective modality for patients who are at high risk of root resorption or patients who experience
severe root resorption during initial phase of orthodontic treatment. However, further long term

clinical trials are required to determine the efficacy of LIPUS in reducing the severity of OIIRR to
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a clinical significant level over extended period of time, as during regular orthodontic treatment.
These studies will provide a more detailed insight on the stimulatory and inhibitory effects of

LIPUS on cementogenesis and cementoclastogenesis respectively.

In the present clinical trial we were unable to measure the amount of orthodontic tooth
movement occurred as a result of continues torque application over a period of four weeks.
However, previous studies have highlighted that LIPUS application can accelerate orthodontic
tooth movement while inhibiting OIIRR(14)(12)(175). Xue et al(175) in an experimental rat model
demonstrated that LIPUS can accelerate orthodontic tooth movement via activation of Bone

Morphogenic Protein-2 (BMP-2) signalling pathway.

In the present study, more root resorption was observed at apical third followed by middle third
and cervical third. This is because torque results in compressive forces being concentrated at the
apex(70)(176) which is more susceptible to root resorption(177)(178). Schwarz(33) reported that
the optimal force for orthodontic tooth movement should not exceed the capillary blood
pressure which ranges from 0.002 — 0.0047 MPa(179). Areas where the orthodontic force
exceeds the capillary blood pressure root resorption can occur and vice versa. Hohmann et al(70)
in a finite element model analysis studied the effect of torque on PDL hydrostatic pressure. He
observed maximum root resorption at the apical region where orthodontic force exceeded the
capillary blood pressure(70). Barley et al(53) applied 2.85 N-mm (285 g-mm) of torque and
observed more resorption at the apical level than at middle and cervical level. Casa et al(71)

applied 6 N-mm of torque and reported severe root resorption at the apex.
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Apical RR is clinically significant as RL can accumulate at the apical region and can lead to
permanent root shortening and a reduced crown to root ratio(180). In some cases, this decrease
in crown to root ratio can be significant and can affect the long term viability of the dentition and
can result in compromised tooth function. It has been reported that teeth with apical root
shortening are more prone to periodontitis as the disease progresses more rapidly to a critical
alveolar bone level(4). The present study demonstrated that LIPUS application significantly
reduced the number of RL at the apical third in the treatment teeth compared to control. This
reduction in the number of RL at the apical region can be clinically significant as it can prevent
apical root shortening resulting in improved prognosis. However, future long term clinical trial
evaluating the effect of LIPUS on OIIRR will be more effective in better understanding this effect
as it will provide more detailed insight of the effect of LIPUS in preventing apical root shortening

to a clinically significant level.

The present study also highlighted the deleterious effect of torque on OIIRR. Considerable
amount of RR was observed after application of continuous torque (5 N-mm) over a period of
four weeks. Consistent with this finding, Barley et al(53) also reported severe RR with 2.85 N-mm
(285 g-mm) of torque. Casa et al(71) applied 6 N-mm of torque over a period of four weeks and
observed severe root resorption of cementum extending into the underlying root dentin.
Therefore, the commonly accepted idea that 5 N-mm to 20 N-mm of torque is clinically

acceptable is not valid.

In addition to force magnitude, the time interval between force activation should also be
assessed as another essential factor effecting OIIRR. Studies evaluating the effect of torque on

OIIRR has reported severe RR with continuous torque application over a period of four
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weeks(53)(71) including the results of this study. As this corresponds to the usual time interval
between two orthodontic appointments, further activation of orthodontic force or orthodontic
appliance during this time can greatly increase the risk of OIIRR. Although, LIPUS application
significantly reduced the severity of OIIRR by enhancing cementum repair, however, It was not
able to completely heal the resorption caters during this time. Therefore, longer time interval
between activations should be considered, especially for patients who are at high risk of OIIRR or
patients who experience root resorption during initial phases of orthodontic treatment. This will
allow the resorbed cementum to heal and prevent further root resorption. Further long term
clinical trial evaluating the effect of LIPUS on OIIRR will be helpful in determining the efficacy of

LIPUS in accelerating cementum regeneration and repair over extended period of time.

Clinical implication:

Torque is considered as a major risk factor for root resorption(6)(69). This study highlighted the
inhibitory effects of LIPUS on root resorption caused by torque under clinical settings.
Considering large amount of patients undergoing orthodontic treatment every year(181) and the
high prevalence of OIIRR(182)(3),it can be suggested that LIPUS, when applied during orthodontic
tooth movement can be an effective preventive modality for patients who are at high risk of root
resorption or patients who experience severe root resorption during initial phase of orthodontic

treatment.

Limitation:

Although, the results of the present clinical trial are in accordance with the published literature,

there were a couple of limitations in conducting of this study. Firstly, we experienced two patient
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dropouts during the experiment, which might had effect the statistical power of the study.
Secondly, the presence of pre-existing idiopathic root resorption cannot be ruled out as we were
unable to analyze the teeth in three dimensions before extraction. Therefore, caution needs to

be exercised when incorporating these results into clinical practices.

Future research:

Future long term randomized clinical trials evaluating the effect of LIPUS on OIIRR are required
as they will provide a more detailed insight on the stimulatory and inhibitory effects of LIPUS on
cementogenesis and cementoclastogenesis over an extended period of time, as during regular
orthodontic treatment respectively. These studies will help in establishing the efficacy of LIPUS
as a modality that can reduce the severity of OIIRR to clinically significant level. Also these studies
will help in improving our current understanding of the effect of orthodontic force on OIIRR. And
will enable us to assess the actual damage suffered by the teeth undergoing regular orthodontic

treatment which usually comprises over a period of 2 years.

Conclusion:

From the present clinical trial following conclusions can be drawn:

e Daily application of LIPUS for 20 min/day significantly reduced the severity of OIIRR
caused by torque in human subjects as evident by low values of the total height and depth
of resorption lacunae, total volume of resorption lacunae and percentage of root
resorption.

e LIPUS significantly reduced the number of resorption lacunae on all root surfaces except
for distal surface. The distal root surface difference was not significant.

59



LIPUS significantly reduced the number of resorption lacunae at the apical and middle
third level of the root.
After applying torque, maximum number of resorption lacunae were seen at the apical

third followed by middle third and cervical third.
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