
ORTHODONTIC MOVEMENT WITH CONTINUOUS AND INTERRUPTED 

ELECTRICAL STIMULATION 

By 

Robert L. Waugh, Jr. 

Submitted to the Faculty o~ the School of Graduate Studies 

of the.Medical College of Georgia in Partial Fulfillment 

of the Requirements 

for the Degree of Master of Science in ·oral Biology 

Apri 1 

1987 



ORTHObONTIC MOVEMENT WITH CONTINUOUS AND INTE~RUPTED 

ELECTRICAL STIMULATION 

This thesis submitted by Robert L. Waugh, Jr. has been examined and 

approved by an app~inted committee of the faculty of the School of Graduate 

Studies of the Medical College of Georgia. 

The signatures which appear below verify the fact that all required 

changes have been incorporated and that the thesis has received fi na 1 

approval with reference to content, form and accuracy of presentation. 

This thesis· is the~efore accepted in partial fulfillment of the 

requirements for the degree of Master of Science in Oral Biology. 

r I , _I 

:J-.28"- 1?1 
Date 



; 

ABSTRACT 

It has been reporteq th.at exoge.nous application of dir~ct currents can 

enhance the rate pf orthodontic tooth movement. In the present study 

externally applied constant direct current was ·delivered either 

continuously (24 hr/day) or discontinuously (8 hr/day) to, feline maxillary 
( 

segments fitted with orthodontic app 1 i ances in order to ·compare the ·rates·· 

of in vivo orthodontic tooth movement that resulted from these two 

different modes_ of stimulation. The maxillary canines of 8 adult female· 

cats were tipped distally with bilateral coil springs attached between the 

canine and third premolar. · Curreni generators were incorporated into 

custom made appl ia·nces· that were· secured in the palate. These generators:_ 

delivered 15±1 ~A aGross the alveolus of the canines undergoing orthodontic 

movement~ Independent circuits established for the left. and right ~ani.nes 

in the s_ame cat allowed us· to compare the effects- of 24 h'r/day stimulation 

of one canine with the effects of 8 hr/day stimulation of the oppos.ite 

canine. These two periods of stimulation emulated full-time and overnight 

treatment periods,. respectively. ·oirect measurements of tooth movement 

were made using Vernier calipers in the following 3 areas: (1) canine to 

third incisor; (2) canine to second premolar; and (3) third incisor· to 

second premolar. Continuous (24 hr/day) application· of· electrical 

stimulation to orthodontically treated teeth enhanced the rate of tooth 

movement· when compared with orthodontically treated controls·. No

statistically significant differenc.es ·(P<05) were found between continuous 

(24 hr/day) and interrupted (8 hr/day) electrical stimulation. 

Histological analyses of the treated tissues were employed in an attempt to 

correlate clinically measured tooth movement with ultrast~uctural events. 
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Microscopic cell counts of··asteoclasts were made along the inner wall of 

canihe alveoli fa~ regions of orthodontic compressibn. Values· were 

determined for numbers of osteoc 1 asts per mil J imeter of 1 ami ria dura. · No 

significant differences (P<~OS) were found when comparisons were performed 

for teeth treated with continuous (24 hr/day), interrupted (8 hr/day) ~and 

control (.O hr/day) periods of electrical stimulation. · The immature bone 

area- analysis was then performed for· zones · of canine 1 am·; na dura 

corresponding to orthodontic tension. Polarized light photomicrographs 

allowed for mature and imm·ature bone to be distinguished and quantified 

using histomorphometric-. techniques. Significantly (.P<.OS). less immature· 

bone was found in _teeth· treated 8 hrs/day when compared with contrb 1 s. 
, .· 

Teeth treated with _interrupted applications of electricity (8 hrs/day) a.lso 

_showed significantly less immature bone when compared with-the continuously 

(24 hr/day) stj~ulat~d group~ 
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I. INTRODUCTION 

A. Statement of th~ Problem 

Despite the lack of evidence tdr . the mechanism(s). involved in 

e 1 ectri ca 11 y induced bone formation, severa 1 systems designed for the 

e 1 ectri ca 1 tre~tment of fra~tures and non-unions have been approved and are · 

in clinical· use today. Presently it is estimated that one-third. of all

bone non-unions in Americ_a are· being treated with elec't;rical cur-rents 

rather than by conventional bone graft surgery. The- literature in the 

field of electrically stimulated osteog~nes-i-s is dominated by clinical

investigations reporting the use of exogenous ·current applications to

induce and/or increase healing in human fracture healin~ cases~ The 

majority of these studies a-ddress healing rates based on mechanical and 

radiographi'c guidelines without addressing the osteogenic- response- of the 

cells. The histologicai analysi-s of succe-ssful fracture unions- in humans 

i-s obviously difficult to· obtain. Without a w.idely accepted model ·for· 

study, the clinical success found in electrical stimulation has bypassed_

present day understanding df the basic cellular· events ~hich take place. 

Orthodontic tooth movement has been shown -to produce rapid and well 

characterized bone remodeling. Unfortunately, the many years of clinical 

experience moving teeth by orthodontic forces have produced 1 ittle 

· knowledge -about the mechanism by which· these forces -activate ce 11 s to 

resorb and/or deposit bone. An endogenous charge sep~ration generated by 

orthodontic tooth movement. has been demonstrated (81, 175). Apparently, 

forces delivered to the tooth are dissipated by the formation of strain in 

the alveolus, which in turn, induces an electrical effect that may be the 

mediating factor that initiates the response within alveolar bone. 

1. 
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In addition to the many c1inical investigations concerning electrical 

treatment of bone formation, Davidovitch et !}_. (53, 54) have found that 

the continuous delivery of electric~ iturrents· enhances the rate of 

orthodontic tooth movement. The anode' and· cathode bf an electrical 

stimulator were positioned on opposite sides of ,an orthodontically tr~ated 

tooth. Current flowing between the ~lectrodes facilitated· bony apposition 

at the cathode and resorption at .the anode. The application of electrical 

current was thought to accelerate the force-induced bone ·remodeling which 

resulted in an increased rate of tooth movement. 

A problem arise~, however, when assessing the clinical usefulness.of 

the·ortho-electric model of Davidovitch and co-workers in humans. Once 

again, cons i 9er for background purposes that orthodontic tooth movement 

produces ~apid and well characterized bone remodeling. The _amount .of bone 

resorption is measured indirectly by me·asuring the· distance a t.ooth .moves. 

with a given orthodontic force. Therefore, movement of a tooth during a 

fixed experimental period in which · current is app 1 i ed shou 1 d therefore 

constitute a sensitive indicator of the influences of electrical current on 

bone remodeling. Davidovitch et-~. (53, 54) used the maxillary canines of 

cats to study the effects of app 1 i ed currents on a 1 veal a r bone of teeth 

being subjected to orthodontic forces. The. electrfcal stimulation 

consisted of continuous direct currents (15~A) applied 24 hours per day. 
~ 

The treatment period consisted of 14 consecutive days of stimulation using 

non-invasive electrodes in a palatal appliance •. A more practical approach 

for human use would be a shorter stimulatory period or an interrupted cycle 

of appliance wear. This dilemma would ideally· be solved by wearing the 

stimulator as a nighttime applia.nce during normal sleeping hours. It is 
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also possible that an __ interrupted cycle may be more desirable from the 

standpoint of the cellular response. However, it is not presently known if 

a continuous electrical current is necessary to activate involved cells, or 

whether an interrupted application would be more effective. Consequently, 

this question will be addressed in this proposal after anplyzing the 

comparative effects of continuous versus intermittent stimulatton o_f -

orthodontically treated teeth. 
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B. Review of the Literature 

The earliest recorded attempt to induce osteogenesis with electricity 

dates back to 1812 when a physician reported the healing of a tibial 

non-union following electrical stimulation (87).· Hartshorne (B7) described· 

the daily treatment of the .fracture site with " •.. shocks of e·lectric fluid" 

·which apparently resulted. in a clinical union of the fragments. In 1850 

Lente (110) showed healing in three cases of delayed union or non-uni'on 

using galvan1c current treatments for several weeks. No further known 

reports of electrical inductton of bone repair were made until 1953. 

In 1953 Yasuda (172) reviv.ed the investigations of electricity and 

osteogenesis when he induced bone formation in an intact rabbit femur using 

direct current applications. In these experiments bone fo~med adjacent to 

the cathode after three weeks of continuous. stimulation .. Stress.-generated. 

potentia 1 s were a 1 so introduced and described as. endogenous potentia·l s 

arising from mechanically stressed bone. In 1957, Fukada and Yasuda (iT) 

reported on the pi ezoe 1 ectri c properties of bone. These · authors 

demonstrated that in mechanically stressed dry bone, the compressed surface 

becomes· electronegative, while. the side under tension becomes 

electropositive. These findings were soon confirmed by Bassett and Becker 

( ll) and Shamos et al. ( 146) . Friedenberg and Brighton (67) then 

demonstrated another form of endogenous potentia 1 that could be measured· :in 

a non-stressed or steady-state environment. . They termed this the . 

"bioelectric potential." These investigators suc-ceeded in reviving . this 

dormant fieldof research and initiated a variety of studies on electrical 

application to bone. The first modern day case report· of electricity 
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healing a bony non-union was reported in 1971 (73), which promoted an even 

more enthusiastic response by researchers. 

·This review will summarize four general areas of interest to this 

thesis: 1 ) Endogenous E 1 ect rica 1 Potentia 1 s, 2) Exogenous . Current 

Applications, 3) . The Orthodontic Model, and 4) Proposed Osteogenic 

Mechanisms. ' Such a broad-based review should offer the reader a sound 

foundation for the description of the thesis project. 

1. · Endogenous Electrical Potentials 

Endogenous potentials occ·ur naturaily as either bioelectric potentials 

or piezoelectric potentials. The application of an ext~rnal force on bone 

distinguishes the piezoelectric, or pressure potential, from ·the 

stress-free bioelectric potential. The piezoel.ectric theory was proposed 

by the Curie brothers over a hundred years ago (168); however, it wai not 

until 1957 that Fukada and Yasuda (77) described ·the piezoelectric 

properties of bone. These authors measured the piezoelectric ·constants of 

small specimens of ·compact bone cut from human and ox femurs. They 

concluded that the observed relationship between charge and stress was 

piezoelectric and suggested that the origin of the potentials was likely 

from collagen fib~rs slipping past one another in the bone matrix. 

In 1962, Bassett and Becker (11) showed that the amplitude of the 

piezoelectric potential in bone was dependent on the rate and magnitude of 

the bony deformation. Also, the polarity appeared to be· determined by the 

direction of bending. It was evident from their experiment that bone 

develops a negative potential in areas of compression. Apparently, the· 

potentials generated were not dependent on cell viability since frozen and 

thawed, or air dried specimens, behaved in the same manner as fresh 
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preparations with the exception that the amplitude of the potential was 

decreased. 

Shames et al. (146) reported in the following year that bone, 

consisting of essentially apatite crystals .in an organic matrix, would be 

expected to show piezoelectric properties like other multicrystalline 

materials. These authors observed the stress-induced elec'trical effect: in 

a number of whole bones from different anatomical sites and species. They 

co·ncluded that surface charges on· stressed bone might be the controlling 

factor in bone formation., 

Whi·le the existence of piezoelectric properties in bone was now well 

established, the nature of the stimulus inducing the formation and· 

destruction of bone. ex~ctly where these activities are needed remai~ed in. 

question. This remodeling property ·of bone was concisely stated by the 

German anatomist, Julius Wolff in 1882 (169). Now known as Wolff•s Law, 

the modern version states that bone elements are capable of· placing. or 

displacin~ themselves . in the direction of a functional· pre~sure, and 

increasing, or decreasing, their mass to reflect the amount of functional 

pressure. In 1965 Bassett (10) investigated the effects ·of stress on the 

pi ezoel ectri ca 1 properties of bone by p 1 otti ng an increase in e 1 ectri ca 1 

output against the increase in deformation. The author suggested that 

Wolff•s Law represented a negative feedback system in which a deforming 

force results in a change in bone structure necessary to resist the force. 

Bassett went · on to suggest that the mechanism cou 1 d be exp 1 a i ned by the 

transducer effect of two crysta.lline systems found in bone, hydroxyapatite 

and the protein collagen. This suggested that collagen alone could not be 

the main source of the electric charge. In bone, hydroxyapatite is the 
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stronger, less flex,ible material, while collagen is the more flexib.le. 

component. The modulus of elasticity of bone lies between that of the 

mineral and that of the protein (10). Accordingly, Bassett stated that it 

was unlikely that collagen. could be flexed enough to give rise to the 

observed electrical potentials. He· suggested ·that ·a significant stress 

would most likely develop at the interface of the hydroxyapatite crystal 

and collagen when bone is deformed. 

The origin of the piezoelectric signal was later shown by Marino· et 

a 1. ( 114) to· arise from the organic component of bone and not from the 

mi nera 1 component. Whereas most of the previous measurements dealt with 

dry tissue, their results established the existence of the piezoelectric 

effect in moist bone and tendon which is the more physiologic condit.i'on. 

They reported that collagen could account· for the potentials exhibited by 

stressed dry·bone rather than the mineral component. Pollack et ~- (130) 

used a whole bone model to determine the effects of collagen cross-linking 

on electrical signals. Their findings showed that increa~ed cross-li~king 

of collagen resulted in larger electrical signals in eithe·r in .vitro or in 

vivo systems. This study confirmed the concept that the piezoelectric 

potential is primarily a result of the organic component of bone. 

Although most researchers (11, 77, 146, -168) believed that the 

e 1 ectromechani ca 1 response of dry bone was of pi ezoe 1 ectric origin, the 

generation of e 1 ectri ca 1 signa 1 s by bend·i ng bone in the fu 1 1 y hydra ted 

condition was not well understood. In 1967 Cerquiglini et ~- (42) 

recognized that electrical responses produced by deformation resulted i-n 

potentials of differing form and intensity according to the fluid content 

of the tissue. These'authors hypothesized that the fluid components of a 
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given ·material would shift upon deformation creating an electrokinetic 

potentia 1 or streaming potentia 1. The· e 1 ectro-generati ve effect of the· 

flow of liquids in bone was demonstrated in the tib·ia -of rabbits (43). 

Their observations advanced the theory that apart from piezoelectric 

effects, streaming potentials contributed to the genesis of signals 

observed in fresh samples. Cochran et al. (44) · studi~d· stress..;generated_ 

voltages in bone specimens kept moist by saline saturation techniques. 

Their findings supported the piezoelectrical theories and ·they stated that 

the voltage waveforms found in moist bone under stress are qualitatively· 

similar and persist until the integrity of the bone is destroyed. In 1968 

Anderson and Eriksson (1) postulated that the electrokinetic effect was the· 

mechanism which .explained the potentials observed in tendon. Two years. 

later they reported similar results for hydrated bone, and stated that the 

ch.ief ·contributor to the electrical signal produced by· mechanical stress 

was streaming potentials (2). In 1976 Eriksson (65) _suggested that the 

forcing of electrolytes through a narrow channel could prdduce_a potential 

difference a 1 ong · the channe 1 if ions of one sign· were attracted to, or 

attached to, the channel wallsi thereby l·eaving the circ~lating fluid rich· 

in ions of the opposite charge. In the bending of wet bone, fluid would be 

forced through the highly porous texture of the tissue from-the compression 

side to the tension side, thereby producing a stream1n~ potential. 

Recently, Gross and Williams (83) also identified.piezoelectrici~y and 

the streaming potential as the two competing mechanisms for the origin of 

electrical signals ·produced by the bending of physiologically moist bone. 

Their examination of wet bone transduction mechanisms suggested that 

streaming potentials dominate over piezoelectricity in wet bone bending._ 
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The possibility of superposition of both streaming and piezoelectricity in 

the bending of wet bone has been suggested (65), but serious doubts have 

been raised concerning the possibility oftany piezoelectric.cbntribution to 

the electrical signal· in wet bone. Pollack (129) has confirmed the 

distinction between piezoelectricity and streaming potentials, and it 

appears that piezoelectricity dominate.s in mechanically. stressed dry bone 

and streaming potentials dominate in mechanically str,essed wet bone. 

An entirely different form of endogenous electrical ·potential in ~one 

is the bioelectric or steady-state potential. Bioelectricity refers to 

·measurable potentials of endogenous origin found on the surfaces of viable 

ce 11 s without the app 1 i cation of stress·. Friedenberg et ~. ( 67) and 

others (18, 104, 159) have reported bioelectric potentials in bone. These· 

potentia 1 s are ·independent of movement, stress, and mu·scl e contraction. 

They are dependent on cell vtability and are usually of ·the magnitude of 

10-20 millivolts (70). 

In 1961 Becker (17) .proposed a theory to help explain the origins of 

the bioelectric potential. He demonstrated a steady-state potential field 

surrounding the body of a salamander. This field. showed electronegative 

areas corresponding to central nervous system compon~nts and 

electropositive areas relating to major neuronal aggregations in the axial 

skeleton. These potentials were suggested to be dependent on an intact 

nervous system, since nerve transection caused an alteration ih the 

potential of an area served by the cut nerve. 

Frieden berg and Brighton ( 67) reported that characteristic vo 1 tage 

patterns could be derived from surfaces of intact or fractured long bones. 

The epiphyses and metaphyses were consistently found to be electronegative 



10 

in relation to the diaphyses of vital long. bones .. The di~physes typically 

showed either isopola.rity or positive· charges. When the bone was 

fractured, an abrupt increase in neg a t-i vi ty occurred thr.oughout the bone 

with the fracture site being the most electronegative. Th~s negative focus 

·was s-uggested to be a result of the intense metabolic ·activity in the . 
.,. 

fracture callus. These altered bioelectric potentials persisted throughout 

the healing phase before reverting to the original patterns '(71., 72). 

More recently,· Friedenberg et al. (70) reported that th~ steady-state. 
' -- . 

potential observed ·in bone is not directly dependent on blood flow or nerve 

transmission, but is dependent on a functioning b~ne cell" population .. The 

authors suggest that the potenti_als represent a summation of electromotive 

forces, from· cells in a localized area. In addition to observing slowly 

diminishing potentials after arterial ligati·on and denervation, the 

bioelectric potentials disappeared altogether after intravenous 

admiriistration of a cell toxin such as dinitrophenol. H~nce, they 

concluded that the bioelectri~al poteritials arise from metabolically active. 

cells in bone. However, the function of bioelectric potentials in bone is 

not known. 

The experimentally confirmed findings. of the piezoelectric, 

e 1 ectrok i netic, and bi oe 1 ectri c theories have directed research toward the 

underlying mechanisms of bone formation following. endogenous electrical 

stimulation. In order to determine cellular mechanisms, the electrical 

environment ·of bone cells must be understood. It is generally accepted 

that bone ~emodeling· following externally applied stresses involves the 

generation of electrica1 · potentials which evoke a cellular response. 

Measurements of the e 1 ectri cal environments of stressed and non-stressed 
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bone have been determined. Experimental and clinical treatments have been 

based on the rationale· that if endogenous potentials affect bone 

remodeling, then superimposed electrital signals, which simulate the 

endogenous potentials should result in cellular responses leading to a 

controlled osteogenesis or osteoclasia. 

2. Exogenous C~rrent Applications 

-The experimental application of electricity to the bones of· animals 

for generative purposes has become a subject of great interest over the 

last thirty years. Various forms of electrical energy have been applied to 

bone and have created two categories of deliverY systems: direct current 

applications and applied electromagn~tic fields (EMF). 

Yasuda and his associates (171, 173) are credited as b~ing the first 

to deliver direct current to bone. Currents oJ one microampere were passed 

through rabbit femo·ra for three weeks resulting in the fo-rmation of a ridge· 

of.callus between the electrodes. A greater amount of callus was reported 

to form at the cathode (negative electrode) than a~ the anode (positive 

electrode). -Additionally, bone callus was developed with amperages between· 

1 and 100 microamperes, and carti 1 agenous ca 11 us appeared with currents 

greater than 1 00 microamperes. Currents . in excess of 1 000 microamperes 

produced bone destruction. 

Bassett and his colleagues (9) confirmed the work-of Yasuda's group by 

implanting battery packs- into the femoral shafts of_ dogs and delivering_ 1, 

10 and 1000 microamperes of current.' They noted tha:t bone producti-on 

reached its peak within two weeks after which no significant increase- in 

new bone formation occurred. Due to increasing tissue resistances, the 

current in the circuits could not be maintained arid it was estimated that 
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the amount actually delivered to the bone ranged from 0.7 to 3 

microamperes. In 1969 0 '·Connor et !l· ( 122) repeated the exact procedures 

described.by ·Basset, Pawluk, and Beck~~~· and· in general, co~firmed their 

findings. 

All previous .studies were deemed inconclusive by ~riedenberg et !l· 

( 69) because a constant. current source had not . been used. They . bui 1 t 

current g~nerators with field-effect transistors and resistors to del·iver 

constant currents regardless of changing resist~rices in the tissues (69). 

Femora 1 shafts of rabbits were subjected to varying amounts of constant 

direct current in vivo. Bone destruction at the anode was observed in all ---
specimens. The optimum cu.rrent for new bone formation at the cathode was· 

determined to fa 11 in the range of 5-20 microamperes. Bone formation at 

cathodal sites was d~scribed as both osteobla~tic and metaplastic. · 
I ." ' 

Friedenberg et ~· (75) released a report in 1971 which reported· the 

application of microcurr~nts to experimental fr~~ture sit~s· to indu~e 

healing. Constant direct· currents of ten microamperes were applied to 

rabbit fibulae in several locations relative to a fracture. The results 

showed that direct currents, delivered with proper electrode placement and 

proper amperage, could stimulate fracture repair. 

·Pulsed direct currents were also analyzed by.Levy (111) in an attempt 

to further improve the osteogenic response to electricity. Inert and 

pulsed .DC gen~rators were used to demonstrate that bone remodeling can be 

induced by a· cyclic, low frequency pulsed current. The primary conclusion 

of this particular analysis was that the firing rate of the input signal 

was recognized as a valuable tool for predicting the· magnitude of the 

osteogenic response. 
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Since these early observations~ many investigators have demonstrated 

that the application of sm~ll amounts of direct current to bone stimulates 

~steogenesis at the site of the negatiV~ electrode (cathode) (74, 86, 92, 

93, 106, 107, 111, 116, 155, 164,-167, 169). A variety of i.n vitro and in 

vivo models ~sed in direct current studies revealed the following effects. 

on bone: 

a. Using the proper parameters of current and voltage delivered Via 

stainless steel electrodes, bone forms only in the vicinity of 

the cathode, wher~as cell necrosis occurs arourid the anode (69). 

b. Tissue resistance rapidly increases betwe~n the e 1 ectrodes .in a 

direct current system causing a relative decrease in current;· a 

transistorized current generator must be employed if constant · 

currents are to be maintained in areas of fluctuating resistances 

(69). 

c. Direct current in the 5-20 microamperes range produce a 

dose-response curve of the increasing amounts of bone formation. 

Currents below 5 microamperes do not produce osteogenesis, while 

·those cur·rents greater than 20 microampe·res typically cause cell 

necrosis (69, 74) • 

. d. A cathode placed directly at a fracture site may favorably 

influence fracture healing in laboratory animals (75). 

e. Proper currents can induce bone formation in non-traumatized 

sites not previously active in ost~ogenesis such as the medullary 

cavity of an adult long bone (74). 

In searching to overcome the limitations of DC applications,· the 

electro-magnetic field (EMF) was introduced as ·another means of inducing 
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osteogenesis-using electrical energy (3, 49, 59, 119, 151). Direct current 

techniques had two major disadvantages. First, osteogenesis seemed 

spatially limited to discrete regions about the cathode .. Secondly, theDC 

applications usually required surgical ·implantation of electrodes. EMF· 

studies ·sought to improve--upon these limitations by applying non~invasive, 

generalized electr;.cal fields. 

Two methods were developed to deliver an EMF to a biological system: 

inductive coupling and capacitative coupling. In inductive coupling, _a 

current varying witti time· applied to a pair of Helmholtz coils, (EMF 

Source) induces a ti~e varying magnetic field in tissue placed between the 

coils~ For capacitatively coupled fields, an electric field is ind~ced in 

bone by applying a time varying electrical signal to externally placed 

capacitor plates and thus to the tissues between the plates . 

. In 1968, Bassett and Herrmann (12) first demonstrated that 

capacitatively coupled fields could increase DNA and collagen synthesis· in 

fibroblasts grown in culture. Other studies have shown that both constant 

and ·pulsed capacitatively coupled fields favorably influenced fracture 

healing in both in vitro and in_vivo epiphyseal plate growth (35,- 120). 

Non-invasive inductive coupling was first applied by Bassett et al. 

(5) to ost~otomized fibulae in dogs. More specifically, a circuit with a 

pulse duration ·of 150 microseconds, repeated at 65 hertz (cycles per 

second) and producing a maximum of 20 millivolts per centimeter in bone was 

continuously applied for 4 weeks. The\ treated -fibulae were tested 

mechanically for stiffness and showed s i gni fi cant increases in increased 

stiffness when compared to untreated contra 1 s. These findings ·suggested 

that osteogenesis could be induced by coils placed external to the animal's 
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limb. Bassett and other researchers have more recently defined the various 

·pulse shapes and patterns which optimized osteogenesis as follows: 

a. . In present use are bipolar, quasi-rectangular base pulse patterns 

which are assymrnetrical in timing and amplitude. 

b. The main polarity of each pulse is 20 microseconds. 

c.. Each burst of pulses repeats at 15-hertz (cycles_ per secon~). 

d. The peak amplitude of an individual pulse gives rise to current 

densities of 10 mitroamperes in bon~ (7, 8, 15). 

Modern clin-ical. applications of electrical energy in humans began in 

the early 1970 1 s when Friedenbe~g (73) reported the first ~odern day 

clinical trial by treating a non-union of the medial malleolus with -10. 

microamperes of DC. Since periosteal reflection and bone grafting were not 
. ' 

performed, it was _the opinion of the authors that the controlled electrical 

current healed the·fracture during the 9 week ·treatment period. 

Friedenberg•s initial report was soon followed bY a wave of 

investigations recording the successful use of electricity in various forms 

in the treatment of delayed· union and non-union of ·bone. Patients with · 

unhealed fractures were classified as having a delayed union if no clinical 

or radiog~aphic evidence of bony union could be detected a~ 4 to 9 months 

after fracture. A non-union was- defined as an unun i ted fracture sti 1 1 

present at 9 ·months -at"ter fracture. In both non-unions and delayed unions, 

either fibrocarti 1 age ·or fibrous tissue was thought to occupy the gap 

between the bone fragments (8). The use of constant direct current (19, 

22, 28, 31, 36, 38, 31, 36, 47, 57, 73, 89, 93, 105, 108, 115, 124, l26, 

138, 155, 163), pulsed- direct current (96, 97, 98, 164, 176), inductive 

coupling (5, 14, 15, 47, 60, 88, 90, 109, 144, 149) and capacitive co~pling ·· 
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(39, 40) have all been reported to result in osseous union for a majority 

·of established unhealed fractures, with success rates equal to that of bone 

graft surgery. Distinct advantages and :diisadvantages have been. noted for 

·each of the electrica·l treatment methods. Direct current methods are 

generally more invasive than other methods of treatment, but have the 

advantage· of be,ing self-contained and portable. Inductive coupling and 

capacitive coupling are bpth_non-invasive, yet only capacitive coupling is 

completely portable for all bones. Despite these similarities· and 

differences, it is genera 11 y agreed that the e 1 ectri ca 1 treatment of 

osseous non-union is s 1 owly receiving wi despr.ead acceptance as · an 

alternative to bone graft surgery. 

A variety of forms of electricity have been used to treat 

pseudarthroses in humans ( 7·, 8, 30, 108, 125, 150, 164, 161 ) . Th~ term 

pseudarthrosis .is _reserved· for ununited fractures showing gross instability 

in a 11 p 1 anes of· movement. · The fracture ends are typ i ca 11 y covered by 

smooth dense bone. 'The origins of pseudarthrosis may be either congenital 

or acquired. The results of the studies cited above are not as impressive 

as those of bony non-unions in fracture cases. Most of these investigators 

feel that electrical r.epair of congenita.l pseudarthroses would on)y be 

suitable in combination with bone graf~ surgery. 

Only a few attempts have been:made to stimulate the healing of fresh 

fractures in humans. Jorgenson (96, 97, . 98) . has reported 30% faster 

healing times in treating fresh fractures of the tibia with pulsing direct 

currents. Wahlstrom (165) showed accelerated healing· in fresh fractures of 

the radius by using low frequency electromagnetic fields. These studies 

suggest that electricity could play an imprirtant role for open fractures or 
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fractures with vascular compromise in which non-union or delajed union have 

a higher incidence of .occurrence. 

Electrical tre.atments ·have. also b~en used in other bony conditions 

seen in humans. Both direct current and inductive coupling have been used 

in treating avascular necrosis (AVN) of the femoral head. In addition, 

PEMFs have been used in an attempt to gain fusion in failed arthrodesis, 

particularly of the knee following removal of a total joint prosthesi.s (8, 

24). Finally, direct current has been used as supplemental therapy in 

1 umbrosacra 1 fusions ( 62). 

3. The·.orthodontic Model 

Orthodontic treatment is founded on the abi 1 i ty of a 1 veo 1 a r bone in. 

the jaws to accommodate applied forces without causing perm_anent damage to 

either teeth or their a tfachment to bone. It has 1 ong been known that 

· teeth can be moved through a 1 veo 1 a r bone in the jaws; however, only 

recently has experimental work been carried out to determine the .tissue 

reactions that occur when forces are applied to teeth. The detailed 

biological ·mechanisms of tooth mov~ment are far from being completely 

understood. It is the purpose of this review segment· to describe some of 

the main investigations leading to the development of theories of tooth 

·movement, and then to outline more ·recent research which adds new. 

interpretation to these classical reports. 

A force &pplied to the crown of a tooth, is transmitted by the root of 

the tooth to the periodontal ligament (PDL) and alveolar bone. There will 

be areas of pressure and tension on these supporting structures according 

to the direction of the force. In order to a.ll ow to'oth movement, the 

alveolar bone must resorb in response to pressure. In addition, the 
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deposition of bone is necessary for the integrity of the attachment 

apparatus to· be maintained. 

Sandsedt (140, 141) was probably the first to investigate the 

phenomenon of tooth movement using ·histologic analysis of the supporting 

structures. Using orthodontic app 1 i ances in dogs, Sands edt showed that. 

under gentle cant i.nuous orthodontic forces, resorption of , a 1 veo 1 ar bone 

occurred on the pressure side of the tooth socket, whi 1 e new bone was 

deposited on the tension side. Under heavy continuous orthodontic forces, 

the POL appeared compresse( and bone lining the inner wall of the socket 

·showed no resorption. After a short time, the socket was undermined by 

resorption from the endosteal side. From the patterns of bony deposition 

and resorption, it was concluded that the tooth tilted about a point near 

the center of the long axis of the root. 

Oppenheim ( 123) expe.rimentea with orthodontic tooth movement on dogs 

and baboons. He found that a force applied to a tooth. caused the 

supporting b6ne to be changed to a transitional ost~oid tissue. The 

transitional osteoid tissue was then resorbed on the pressure. side of the 

alveolus, and bone.was deposited on the tension side of the socket. 

·schwartz ( 143) reported the app 1 i cation of a range of forces to the 

teeth of dogs in 1932. He found that· forces which did not exceed the 

capi 11 ary . b 1 ood pressure in the POL were idea 1 for tooth movement. A 

gentle continuous force of this magnitude would result in resorption of 

alveolar bone at pressure sites·yet would not cause resorption of the tooth 

root. Heavier forte~ were ·found to crush the POL and event~ally result in 

undermining-resorption~ Such heavy forces carried with them the risks of 

tooth resorption, pulpal death, and possible ankylosis between tooth and 
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bone. He concluded that the o~timum force for tooth movement was one which 

induced a.pressure of 15~20 g/cm2 of root surface. 

In 1951 (132) Reitan reported on the reaction of tissues during tooth 

movem~nt in both humans and dogs. His research showed that a dilation of 

capillaries in the POL often followed the application of a force to a 

tooth.· Cellular elements began to concentrate in the POL with the apparent 

potential to differentiate into formative or resorpti.ve cells (osteoblasts 

or osteocl asts). He a 1 so found that resorption occurred on the pressure 

side, while osteoid tissue resistant to resorption formed on the tension 

side. Specific cases re~e-iving heavier orthodontic forces showed 

hyalinization of the POL tissue and a ·reduction of the cellular 

concentrations. His findings confirmed previous descriptions of 

undermining resorption when heavy forces were ·used. 

Many of the main conclusions of the classical investigations 

previously de~cribed have been confirmed by other workers (41, 100, 161). 

Based on these studies, it is generally agreed that the following reactions 

may·occur as a response to various orthodontic forces: 

a. Force not sufficient to occlude POL capillaries 

1. Dilation of blood vessels within the POL. 

2. Formative and resorptive.cells appear in the POL. 

3. Bone resorption occurs on the inner wall in areas of 

pressure yia osteoclastic activity. 

4. Osteo.id tissue is .. formed on the inner wall in areas of 

tension via osteoblastic activity; it calcifies within 

about 10 days to form mature bone. 
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5. As tooth and socket move · through the a 1 veo 1 a r bone, 

bone remodeling occurs to reestablish the integrity of 

the socket wall. 

b. Force sufficient to occlude PDL capillaries 

1. Occlusion of blood vessels in areas of pressure and 

dilation of blood vessels in areas of tension~ 

2. Cell-free areas are apparent in PDL areas of pressure. 

~- Periods of no tooth movement occur due to the lack of 

resorptive processes from the inner w~ll of the socket. 

4. Increased. endosteal vascularity and undermining· 

endostea 1 resorption of the socket wa 11 beneath ·the 

ce 11-free a re·as; 

5. A relatively rapid movement of the tooth,· accompanied 

by bone· formation within the·· socket in areas of 

tension. 

c. Force of excessive magnitude for prolonged periods 

1. The PDL will be deprived of hlood supply in areas of 

pressure and may become necrosed. 

2. A massive undermining respqnse ensues' with the 

possibility of root s~rface· resorption in pressu~e 

areas. 

3. Healing may occur through ankylosis of the tooth to the 

alveolar bone. 

Physical distortion of the alveolar bone by the fdrces from 

orthodontic appliances has been suggested as a signal for the cellular 

reactions described previously. Picton (128), Baumrind (16) ano Grimm (81) 
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showed that orthodontic forces on teeth caused the· bending of alveolar 

bone.. It has also been- proposed that alveolar bone deformed by stress 

becomes electrically charged much like ;,long bones reported in earliet 

studies. The "pressure-tension" hypothesis, however, does not clearly 

define the resultant electrical behavior 'of orthodontically stressed 

alveolar bone. 

Picton et ~· _(128) used movement transducers to detect the direction 

and amount of displacement of the alveol~r margins in teeth of adult 

monkeys. Forced displacemeht of teeth showed increased tissue compression 

in the direction of tooth movement, and decreased pressure in .the 

p·eriodontal membrane on the opposite side. The basic conclusion reached in 

this study confirmed the classical as.sumption that· force to a tooth caused 

compression of the bone at i.ts leading edge and tension at the trailing 

edge. 

Baumrind.'s report (16) in 1969 contested the classical "pressure

tension" hypothesis of tooth mov_ement described by Oppenheim (123), 

Sandsedt ( 140) and Schwartz ( 143). He attempted to measure changes in 

cellular activity incident to tooth movement using· radio-autographic 

studies of isotope-labeled animals.- The conventionally accepted hypotheses 

concerning the nature of tooth movement were not confirmed. Baumri nd ·· 

states that the POL is a continuous hydrostatic system in which 

differential pressures cannot exist. He questioned the classical 

"pressure-tension" hypothesis. 

Epker and Frost (63) ·demonstrated that the alveolar wall assumed to be 

under·pressure may actually be under tension from the resultant strain of 

bone deflection. In their model, an orthodontic force causes a tooth to 
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apply a compressive force perpendicularly to the surface of the socket. 

This compression causes the socket wall to thin or decrease in 

cross-sectional width. A tension str~in ia~d stress is suggested to develop 

parallel to the socket wall. On the .basis of this analysis, it was 

postulated that strain is a major biomechanical fa-ctor which influences 

cell behavior patterns in vital bone. 

Agreeing with Epker and Frost, Grimm (81) suggested that -bent bone may 

actually be under tension on the classic 11 pressure 11 side and compression on 

the classic 11 tension 11 side. The advancing tooth may bend the septal bone· 

creating tension and thereby produce the positive piezoelectric charges 

associated with osteoclastic activity. The trailing wall is pulled by the 

fibers of the POL causing alveolar bending, compression~ negative 

piezoelectric charges, and osteoblastic activity. Grimm found that 

orthodontic tooth movement is related· to the magnitude· of alveolar 

deflection and to root surface area. 

Zengo et al. (175) characterized the- .electromechanical re.lationship 

between the alveolus and its orthodontically stressed tooth. Deforming 

forces were applied to. teeth and consequently to their supporting 

structures in the mandibles of dogs. Both the amplitude and polarity of 

the potentia 1 were recorded from a variety of sites and a cha rge-po 1 a ri ty 

map were constructed. According to these authors, the interproximal bony 

plates of the socket can be viewed as modified cantilevers. In this 

system, the bone is anchored at the a pica 1 base· and considered thin and 

flexible at the alveolar crest. This type of arrangement would lend itself 

to bending movements with compressive loads at the leading edge deforming 

~lveolar bone convexly towards the root. On the opposite or trailing edge 
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the periodontal ligament fibers would place the alveolar bone under 

tension, producing a concavity toward the root. Areas of tension that have 

been described as typically osteoblastic were routinely electronegativ_e. 

Conversely, areas of positive or neutral charge were seen in compressed 

regions that were characterized as osteoclastic during orthodontic tooth 

· m·avement. 

Davidovitch et !}_. (53, 54) found .that the continuous delivery of 

e 1 ectri c currents enhances ·the rate of orthodontic tooth movement. They 

p 1 aced the anode and cathode of an e 1 ectr.i ca 1 current s t imu 1 a tor on 

opposite sides of an orthodontically treated tooth. Electricity flowing 

bet~een the electrodes facilitated bony apposition at the cathode and bone. 

resorption ~t the anode. According to the researchers, the bony remodeling 

is mediated by changes in the levels of cyclic adenosine monophosphate 

(cAMP) and cyclic .guanosine monophosphate (cGMP) present in the periodontal 

ligament and alveolar bone (51, 53)~ Fluctuations in the levels of these 

two compou·nds occurs normally during unassisted orthodontic treatments ( 5.2, 

55). The application of electrical stimulation is thought to accelerate 

the·se. changes resu 1 ti ng in an increased rate of tooth movement (53, .54, 

56). These. tests were conducted on fema 1 e cats for peri ads o.f 7-14 days 

showing a 100 percent .increase in the rate of tooth movement - a movement 

of lmm in the stimulated teeth compared to 0.5mm with orthodontic forces 

only. These results demonstrate that e 1 ectri c currents potentiate 

force-induced bone ~emodeling and thus ·enhance the rate of tooth movement. 

4. Proposed Osteogenic Mechanisms 

A number of theories have been proposed to exp 1 a in the exogenous 
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( . e 1 ectri ca 1 action on bone formation. These propos a 1 s are based on sound 

electric and chemical principles, yet are supported by little experimental 

evi detice. For purposes of organization,: these suggested mechanisms are 

divided into the following categories:. Irritation/Inflammation, Bone 

Morphogenic Protein, Oxygen Tension Changes, pH Changes~ and Ionic 

Imbalance. 

Several investigations of electrical pertubations of bone show no 

distinct differences between stimulated (treated) and unstimulated 

(control) groups although bone formation may be enhanced in each case (46). 

In these studies the introduction of dummy or inactive electrodes into the 

medullary canals of long.bon.es induces an osteogenic response comparable to 
. . ' 

those sites receiving electrically active cathodes. The suggested 

mechanisms in these cases is t~ought to be inflammatory in nature, and the 

results observed in these cases are due to .. the· irritative- effect of. 

electrode placement and presence in the area. In many cases, infection in 

the control site results in greater bone formation than is seen in .the 

current treated sites (6, 18, 20). 

Bone Morphogenic Protein (BMP) is a positively charged protein moiety 

which induces bone tissue development. BMP prompts the differentiation of 

mesenc~yme-type cells into pre-chondroblasts. Ultimately this results in 

the formation of an organized cartilage tissue ·capable of endochondral 

growth ( 142). The rna tri x i·s morphogenic and capab 1 e of producing a 

spherical ossicle (162).· BMP is thought to be attracted to the negative 

electrode by virtue of its positive charge and it initiates endochondral 

bone formation at the site of the electrode (58, 79). 
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In vitro studies (29, 31) have confirmed that low oxygen 

concentrations favor bone growth and that high oxygen concentrations are 

detrimental to bone growth. The environment in the vicinity of a ~athode 

delivering 10-20 microamperes of current is altered such that ·the local 

oxygen tension is lowered (29, 31). The metabolic significance of this 

result is evident in the anaerobic metabolism that has been experimentally 

observed in the different zones of an epiphyseal plate (36). The zone of 

proliferation exhibits high oxygen tension and thus aerobic metabolism. 

Glycogen storage is a prominent feature of chondrocyte cytop 1 asm in this 

region. Oxygen tension gradually declines throughout the zone of 

hypertrophy until the glycogen is depleted at the bottom of this zone which 

is the site of bone formation. Since the uptake and retention of calcium 

is an energy dependent process, it is plausible that the mitochondria of 

hypertrophic eel ls at the front of bone formation deprived of oxygen and . 

energy should release calcium into the extracellular matrix. The liberated 

calcium may then initiate the mineralization phase which occurs in normal 

epiphyseal plate activity, fracture healing, and electrically stimulated 

osteogenesis (31, 34, 36). 

Electrical currents may influence the availability of mobile ions 

(i.e. H+) and therefore alter local pH (29). The pH is raised in the 

vicinity of a cathode delivering low level ·currents (29). This pH increase 

is conducive to osteoblastic activity due to the increased alkaline 

conditions. Local alkalinity such as that produc.ed at the site of cathode 

placement may precipitate calcium compounds from solution. This shift in 

the pH of the cellular microenvironment toward the alkaline side favors 

calcification (29). 
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A mechanism proposed in deta i 1 by John ( 95) concerns the 

electrophoretic accumulation of ions in ion exchangers. This theory 

recognizes that different species of cations and anions migrat~ at 

different rates. In addition, the slower of two ions of the same sign may 

migrate in reverse resulting in the collection of. certain species of both 

cations and anions at a single electrode. The ionic imbalance mechanism· 

suggests that a negative electrode would attract calcium ions and a 

positive electrode attract chloride ions. The chloride ions, being of high 

electrophoretic velocity, would displace phosphate ions toward the negative 

pole. The collection of calcium and phosphate at the cathode is thought to 

initiate apatite formation (95). The· ionic imbalance theory. does not 

address the f-act that the organic matrix of these tissues must also 

increase in amount during growth. 

The clinical and .experimental findings of electrically induced 

osteogenesis are well accepted; ho~ever, the underlying mechanisms proposed 

are yet to be confirmed. Although bioelectrical and piezoelectric 

potentials are the natu~al foundations on which the experimental rationale 

of electrical stimulation is built, they only make shallow contributions to 

the current knowledge of cellular and electrochemical activity. 

C. Rationale 

Orthodontic tooth, movement has been shown to produce rapid and we 11 
I 

characterized bone remodeling, and an endogenous charge separation 

generated by orthodontic tooth movement has been demonstrated ( 81, 176). 

Apparently, forces delivered to the tooth are dissipated by the formation 

of strain in the alveolus,-which in turn, induces an electrical effect that 

may be the mediating factor that initiates the response within alveolar 



bone. Davidovitch et ~· (53, 54) recently investigated the effects of 

continuous delivery of electric currents on the rate of orthodontic tooth 

movement and found a s i gni fi cant acce 1 erati on when compared to contra 1 s. 

The rationale for the ~urrent project is based on these same findings and 

introduces the idea of an interrupted delivery of constant current 

(8 hours/day). The amount of e 1 ectri c current used in _ this study 

(15 microamperes) is an optimal level arrived . at by preliminary-

experiments. Analysis of the rate of movement is to be accomp 1 i shed by 

direct intraoral measurements, and histologic examination of the involved 
I 

tissues will provide quantificati~n of the remodeling response. 

D. Specific .Aims 

The specific.aims of this study are: 

1. · To compare the rates of in vivo orthodontic tooth ·movement 

in cats receiving externally applied constant di.rect current 

de livered . for either continuous ( 24 hours/day) or 

interrupted (8 hours/day) periods of stimulation. 

2. To ass·es~ any histological differences in local alveolar 

bone remodeling tha't occur with these two different modes of 

stimulation. 



II. MATERIALS AND METHODS 

A. Animals 

Eight cats were used in this stt:Jdy of the electrical effects on 

orthodontic tooth movement since Davidovitch et ~· (54) have demonstrated 

the usefulness of this animal model for studies of electrical stimulation 

of alveolar bone formatio·n. This animal model is appropriate because the 

cat~s canines are easily accessible for attachment of orthodontic 

appliances· (Fig. 1). Also canines are naturally separated from the 

incisors and prem<?lars by wide spaces which allow the canine to be tipped 

distally without interference from teeth in the same.arch. In addition, 

there are large interproximal spaces associated with the canines that 

facili-tate the placement of mesial and distal external electrodes on the 

buccal gingival tissues. .It ·should. be noted that the gingival tissues .are· 

approximately.l.O to 1.5mm thick providing a. short current path from.the 

surface electrodes to the underlying ·alveolar bone. Finally, the canines. 

are not hi.ndered during distal movement by the opposing mandibul-ar 

dentition. 

The cats were housed in vivarium facilities in the Research and 

·Education Building at the Medical College of Georgia. The required Animal 

·Use and Procedures application was approved arid is included in the. appendix 

of this ·paper. The anima 1 s received food and water ad 1 i bi tum· and. were 

cared for by Laboratory Animal Resource personnel as well as by the 

principal investigator. ·It was observed that upon application of the 

palatal stimulator, some cats refused the dry chow provided. These animals 

were then offered a mush consisting· of water and chow. If animals refused 

this food, they were given ·infant milk formu)a (SMA) as a nutritive 
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Figure 1 

Figure 2 

PLATE 1 

Schematic diagram of palatal and lateral views of feline 

maxillary dentition. The teeth are labeled for orientation as 

well as for reference to future sites of appliance attachment 

and tooth movement measurements: Third incisor (3I), canine 

(C), second premolar (2PM), and third premolar (3PM). 

Schematic diagram of lateral view of feline maxilla. The 

arrows show sites of retentive undercuts prepared in the teeth 

to retain the electric stimulator appliance (E) and the· 

orthodontic coil spring (S). 
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supplement either ·by bowl or by esophageal intubation. In cases of tube 

feeding, the animal.s were given 40cc of 24 cal/oz milk formula at four 

1 nterva 1 s each day. The cats were weighed throughout the experiment to 

monitor and regulate their diet. 

Bo Procedure. 

l. Experimental Design 

The eight cats were divided into four treatment groups as follows: 

l. Orthodontic Force Only (l cat) 

a. The cat tec~ived bilateral orthodontic forces of 

(approximately BOg). 

b. No current was delivered to this animal. 

c. Both maxillary canines receive·d sham electrodes.· 

2. Continuous Unilateral Stimulation (1 cat) 

a. The cat received bilateral orthodontit forces (approximately 

BOg). 

b. A single randomly assigned canine was electrically 

stimulated receiving 15:!: 2 mi.croamperes of current 

continuously (24 hrs./days) for 14 days. , 

c. The opposite canine received a sham electrode. 

3. Intermittent Unilateral Stimulation (2 cats) 

a. The cats received bilateral orthodontic forces 

(approximately BOg). 

b. A single randomly assigned canine was e 1 ectri ca lly 

stimulated receiving 15~ 2 microamperes in interrupted 

applications (B hrs./day) fo~ 14 days. 

c. The opposite canine ~eceived a sham electrode. 
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4. Bilateral Continuous and Intermittent Stimulation (4 cats)· 

a. A 11 animals ·received bilate.ral orthodontic forces 

{approximately 80g). 

b. In each cat, one canine will be electrically stimulated · 

continuously· (24 hrs./day) and the op~osite canine was 

electrically stimulated by intermittent applications 

(8 hrs./day) for· 14 days. 

c. The selection of maxillary canines (left or right) for 

respective treatment intervals (24 or 8 hrs./day) was by 

random· assignment. 

2. Anesthesia 

All animals were anesthetized for four separate stages of-manipulation 

using Ace Promazine (O.lmg/kg) and Ketamine HCl (IM, 30mg/kg). 

a. Tooth preparation and impression· stage 

b. Initial measurements and placement of the appliance · 

c. One week (mid-treatment) appliance evaluation and oral 

hygiene rinse 

d. Final measurements, retrieval of appliance, an9 

collecti~n of maxillae (animals euthanized by an· 

overdose of Pentobarbital) 

3. Tooth Preparation 

Retentive grooves for the eventual attachment of palatal appliance and 

orthodontic coil (See Fig. 2) were made-using a high speed handpiece with 

water cool spray and a #56 straight fissure bur. F,or placement of the 

palatal appliance, grooves were made on the mesi~l and distal aspects of 
I 

central cusps of maxillary 2nd premolars as well as the mesial and distal 
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aspects of central cusps of maxillary 3rd premolars. For placement of the 

orthodontic coil, grooves were made on the mesial and distal gingival 

aspects of maxillary canines· as well as the mesial and distal aspects of 

dist~l cusps of maxillary 3rd premolars. 

4. Impression Procedure and Cast Fabrication 

·Two alginate' impressions of each eat's maxillary and mandibular teeth 

were taken following retentive groove .preparation. Custo~ trays were 

fabricated with locking rims to facilitate the impression procedure. Fresh 

impressions .were stored in ·100% humidity until they could be poured up in 

dental stone (Microstone) (usually within 45 minutes). Paper clips were 

bent, sectioned, and placed in the canine impression sockets while the 

stone was s ti 11 in 1 i quid · form. in order to add strength to the 1 ong 

tapering canines. Once hardened, the casts · were trimmed to a 11 ow the··. 

maxillary and mandibular models to be hand articulated in approximate 

reproduction of the animal's natural occlusion. 

5. Electrical Stimulator Fabrication 

The electrical stimulator (Fig. 3) was powered by a single minature 

Lithium cell (Rayovac 3V) per circuit. Unilateral circuits would then 

contain one cell and bilateral circuits would contain two cells. The 

current was regulated at 15~ 2 microamperes by a transistorized circuit 

design (RN1225) adjusted by trial ·selection of resistors (approximately 

83K). Wire 1 eads connected the current genera tor to the e 1 ectrodes. The 

cathode (mesial, 0.3mm diameter stainless steel) and anode (distal, 0.3mm 

diameter gold wire) were positioned paral1el to the long axis of the root 

and were in contact with gingival tissues from the alveolar crest to the 

middle of the root ( 1 Omm of exposed e 1 ectrode) (Figs. 4 & 5). Acrylic 



Figure 3 

PLATE 2 

Circuit diagram of a electric stimulator appliance. The 

transistorized circuit was designed to generate a constant 

current of 15 microamperes despite any fluctuation of 

resistances in the tissues. Note the shorting plug which 

enabled the. investigator to interrupt current delivery and 

thus control either 24 hour/day or 8 hour/day electrical 

stimulation. 
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Figure 4 

Figure 5 

PLATE 3 

Schematic diagram of the electrical stimulator appliance (E) 

placed in the palate of the animal. The acrylic electrode 

arms are positioned over the mesial and distal surfaces of the 

canine alveolus. 

Photograph of the electrical stimulator appliance placed in 

the. palate of the animal. The positioning of the anode (A) 

and cathode (Ca) will drive the current across the periodontal 

tissues of the canine. 
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covered both electrodes labially to avoid contact with the lips, tongue and 

cheeks. A 1 1 other components of the e 1 ectri c .device were covered with 

acrylic with the exception of the retentive ball clasps which extended from 

the appliande for placement in the undercut groove~ previously described. 

The stimulator appliances for bilaterally stimulated animals were equipped 

with insulated conducting. bridges and non-conducting bridges so that the 

interval. of stimulation could be interrupted manually by interchanging 

these components across a labial shorting plug. When the conducting bridge 

·was placed ·labially, the circuit was completed causing current to bypass 

the tissues. 

6. Criteria for the Orthodontic Force 

Both maxillary canines were tipped distally via bilateral coil springs 

attached from the,canine to ·the third premolar (Figs. 6 & 7). The closed 

coil spri·ng (Unitek 0.008 x 0.036 in.) was positioned intraorally with 

steel ligature~ t~ the third premolar. Once attached, it was then opened 

in the direction of the canine to a length which was determined to deliver 

approximately 80 grams of distal ti'pping force. A Dontrix stress/tension 

gauge was used intraorally to confi'rm equal tipping forces being applied to 

·canines in each animal. The 80 gram force .is consider~d light to medium 

for this size tooth. 

7. Intr~6ral Measurements of Tooth Movements 

Following fabrication of the device and approximation of orthodontic 

coils, the cats were anesthetized in order to record preliminary 

measurements. . Direct int~aoral measurements were made ~sing vernier 

calipers (accurate to 0. 001 in. ) in 3 areas per maxillary quadrant: ( 1 ) 

mesial-gingival aspect of canine to distal-gingival aspect of third 



Figure 6 

Figure 7 

PLATE 4 

Schematic diagram of the electrical stimulator appliance (E) 

in position with the addition of ·the secured orthodontic coil 

springs. The coil spring (S) will produce a distal tipp·ing 

force on the canine of BOg. 

Photograph of the electrical stimulator .appliance (E) in 

position with the addition of the secured orthodontic coil 

springs (S). Close adaptation of the electrode arms is 

critical for completion of the electrical current. The 

acrylic electrode arms must m.aintain enough cle.arance with the 

canine to allow for an unimpeded distal tipping movement. 
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incisor, (2) distal-gingival aspect of the canine to mesial-gingival aspect 

of the second premolar, and (3) distal-gingival aspect of the third incisor 

and mesial-gingival aspect of second premolar (Fig. 8). Measurements were 

then tepeated on the opposite side ·of the maxilla. Both orthodontic coils 

and e.lectrical appliance were then secured. The treatment period began 

upon verification of current flow. A comparison of tooth movements was to 

be derived from these measurements taken at the beginning and end of the 14 

day treatment period. 

8. Tissue Collection/Preparation 

Animals were euthanized with an overdose of Pentobarbital (325mg/kg) 

and the maxillae were removed as an intact single unit. The tissues were 

immediately immersed in 10% formalin buffered with phosphate. 

Decalcification of the maxilla was accomplished by using successive 

treatments of formic acid and sodium citrate over a period of 4 to 5 weeks. 

Tissue specimens were then dehydrated in ascending concentration of· 

ethanol, cleared in xylene, infiltrated in paraffin and th·en embedded in 

paraffin for histologic sectioning. 

Transverse sections me as uri ng six micrometers in thickness were cut 

through the entire maxillae along the interproximal height of the alveolar 

crests at the level of the coronal one-third of the root. The plane of 

sectioning was established by the mesial and distal heights of the alveolar 

. crests adjacent to both maxillary canines. Sectioning advanced to a level 

at which bone could be seen around both cantnes in the same section. This 

1 eve 1 was considered representative of a 1 veo 1 a r depths . corresponding to 

areas of · orthodontic compression (distal/anode) and tension 

(mesial/cathode). The sections were stained with hematoxylin and eosin. A 



Figure 8 

PLATE 5 

.Schematic diagram of· the feline maxillary dentition showing 

the three intraoral measurements made before and after the 14 

day treatment period in order to quantify tipping movement of 

the canine. 

(C-PM) - distogingival aspect of the canine to mesiogingival 

aspect of the 2nd premolar 

(C-I) - mesiogingival aspect of the canine to distogingival 

aspect of the 3rd incisor 

(I-PM) distogingival aspect of 3rd incisor to the 

mesiogingival aspect of the 2nd premolar 
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Zeiss Photoscope· II was used to make photographic negatives" (rtnagnified X8) 

of the sectioned ~anines using both regular and polarized light. Enlarged 

photomicrographic prints were made at X40. the original tissue dimensions, 

and a morphologic -division of mesial and di~tal halves df the root/alveolus 

complex was made for the subsequent quantifi.cation. This morphologic 

division was obtained by bisecting the elliptical root in a p.lane 

perpendicular to the direction of the distal tipping force. Mesial halves 

of the root/alveolus complex corresponded to the areas of orthodontic 

tension whi·le distal halves ·represented areas of orthodontic compression. 

9. Osteoclast Cell Count 

Microscopic cell counting of osteoclasts was performed for the distal 

halves of the lami.na dura (inner wall of the ·alveolus) corresponding to 

sites of orthodontic compression. Three non-consecutive sections ( 15-30 

micrometers apart) from ~ach of the eight animals were analyzed by light 

microscopy for the number of osteocl asts present per 'mi 11 imeter of 1 ami na . 

dura. The 1 ength of the bony' perimeter inspected for os teoc 1 asts. was 

recorded using. computer-assisted histomorphometric . tracings from t~e 

· photomicrographs of the respective tissue. sections. The tracings were· 

limited to approxi~ately one-third of the circumferential lamina dura in an 

effort to represent the region of orthodontic compression (distal surface) 

(Fig. 9). Osteocla·sts were strictly defin_ed _by the presence of multiple 

nuclei as·well as its intimate association with Howship's lacunae at.the 

periphery of the lamfna dura (Fig. 1 ). All sections were viewed with an 

Olympus binocular microscope using a. magnification of X400. The sixteen· 

maxillary canines were divided into three groups for data collection: 1) 

controls (zero hour/day stimulation), 2) 24 hour/day stimulation, and 3) 8 
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Figure 9 

Figure 10 

PLATE 6 

Photomicrograph of the compression region of an 

orthodontically treated canine. The innermost outline of the 

lamina dura was traced to determine its length using computer 

hi stomorphometri cs. . The , 1 ength of 1 ami na dura traced 

corresponds to the compression region inspected 

microscopically for osteoclasts in order to obtain the numbers 

of osteoclasts/mm nf lamina dura. (Root (RJ, POL (P), and Bony 

Lamina Dura (B) (H & E, X34) . 

.Photomicrograph of osteoclasts (0) on the POL side of the 

lamina dura. Cells counted as true osteoclasts were required 

to meet the traditional classification which requires that 

they be multinucleated and in intimate association (Howship's 

lacunae (H)) with the adjacent bone. Bone (B), POL (P) 

(H & E, X680). 
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hour/ day s timul a ti on. Three non-consecutive_ secti ens of each tooth wer.e 

taken as adequate .sampling of the tissue collected. ·Hence, three· sections 

of five control teeth accounted for a sample size.of fifteen sectio~s. The 

twenty-four hour/day group also was composed of fifteen sections while the_ 

eight hour/day group (6 teeth) accounted for eighteen sections. Values 

obtained were used to. stati~tically compare 6steoclasts/millimeier of 

lamina dura in compression regions-of treated and control teeth. 

10. Immature Bone Area Analysis 

Pari ed photomicrographs of transverse ~sect i ens viewed under regular 

and ~olarized light were made of the. mesial halves of the canine 

root/alve-olus complex at the 'previously described level~ A band of lamina· 

dura spanning the mesial portion of the alveolus was _delineated on 

. transparent celluloid paper overlying each regular 1 ight photomicrograph 

such that it encompassed a specific length and width'of the lamina dura to 

be analyzed for immature bone (Fig. 11). The specific length of the band 

was approximated to the ane-th i rd of the 1 ami n·a dura corresponding to a 

zone of orthodontic tension. The width of the band evenly enc 1 a sed the 

innermost 0.32mm of lamina dura in an effort to include both· mature and 

immature bone. The tot a 1 a rea of each band was quantified by computer 

assisted histomorphometric tracings from-the respective photomicrographs of 

specimens photographed under regular light microscopy. The band·outlirie on 

the ce 11 ul aid paper was then superimposed on a po 1 a ri zed 1 i ght 

photomicrograph taken of the same specimen at the same magni fi cation. 

Fully polarized areas of lamellar or mature bone were quantified through 

simi 1 ar tracings techniques within the out 1 i ne of - the tot a 1 a rea band 

(Fig. 12). Values for percentages of immature bone (less pola_rized) were 



Figure 11 

Figure 12 

PLATE 7 

Photomicrograph taken under regular light of a region of 

orthodontic tension (mesial/cathode). The outline traced 

delineates a typical bond of total bone analyzed for percent 

area of immature bone using computerized hi stomorphometri cs 

(H & E, X34). 

Photomicrograph taken under polarized light of ·a region of 

orthodontic tehsion (mesial/cathode). The tracings delineat~ 

areas of mature bone within the original total bone outline.· 

Polarized light allows for the clear distinction to be drawn 

between mature (M) bone which is fully polarized and immature 

bone (I) which is less polarized. Percent areas ·of mature 

bone for the total bone area were. then calculated and 

subtracted from 100% to derive the values for percent area of 

immature bone (H ·& E, X34). 
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derived from figures representing a remainder of the total area within the 

band of lamina dura in the tension region. The sixteen maxillary canines 

were divided into three groups for data collection: 1) controls (zero 

h~ur/day stimulation), 2) 24 hour/day stimulation, and 3) 8 hour/day 

stimulation. Three. non-consecutive sections of each tooth were taken as 

adequate sampling of the tissue collected. Hence, three sections of five ··'·'·

control teeth accounted for a sample size of fifteen sections. The 

twenty-four hour/day group also was composed of t'ifteen sections while the 

eight hour /day group ( 6.. teeth) accounted for eighteen . sections. 

Statistical comparison of the results were made between control ··and treated 

areas. 

11. Computer-Assisted Histomorphometric Analysis· 

The histological analyses previously de~cribed utilized an Apple lie· 

computer and a software package (Uni comp Associates, Inc. cl982; Southern 

Micro Ins-truments) designed to facilitate either distance· or area· 

calculations for- magnified· tissue samples. In each case, enlarged 

photomicrographic prints were ca-librated with the digitizer tracing. pad to 

record measurements in ~nits representing the true dimensions of the tissue 

sample. For the osteoclast/mm analysis, a photograph along the ·innermost 

o·utl i ne of the 1 ami na dura yi e 1 ded a distance measurement for the region of 

orthodontic compression., Cell counting along this same length completed 

the data collection necessary to arrive at a value representing_ 

osteoclast/mm for a particular sample. For the immature bone area 

analysis, separate area tracings were made of 1) total bone and 2) fully. 

polarized bone within the total bone outline. These calculations served to 



51 

complete the data collection necessary to determine the percentage area of 

immature bone. 

12. Statistical Management of Data 

A- statistical software package (Unicomp Associates, Inc. cl982; 

Southern Micro Instruments) designed for use with the Apple II Plus 

microcomputer performed all calculations and comparisons of data. Mean 

distances of tooth movement were determined by i ntraora 1 measurements. 

Photomicrographic measurements were made to determine mean values of 

osteoclasts/mm of lamina du~a and per~ent area of immature bone. In each 

analysis, individual teeth were grouped according to duration of electrical 

stimulation (control, 24 hour/day stimulation, and 8 hour/day stimulation), 

and these groups were paired for statistical comparison using a Student•s 

one-tailed T-test. Results were considered significant, at the' P < .05 

level. 



III. RESULTS 

A. Intraoral Measurements of Tooth Movement 

Three measurements were obtai ned for each maxillary canine at the 

begirining and end of the fourteen day treatment period in order to 

determine the rate of tooth movement. To reiterate, the measurements. were 

made from the disto-gingival aspect of the canine to the mesi.o-gingival 

aspect of the second premolar, the mesio-gingival aspect of the canine to 

the disto~gingival aspect of the third incisor, and from the disto-gingival 

aspect of the third incisor to the mesi o-gi ngi va 1 aspect of the second 

premolar (Fig. 8). The canine· to premolar (C-PM) measurements and the 

canine to incisor (C-I) measurements ·were. used to quantify tipping 

movements of the canine effected by the coi 1 springs. The incisor to 

premolar (I-PM) measurements simply provided a check system to ensure that 

the reference points remained stationary throughout the treatment period. 

The raw data for intraoral measurements of tooth movement in the eight 

individual animals is shown in Table I. Two animals. (881 a·nd 887) received 

8 hour/day unilateral stimulation with sham (0 hr/day) electrodes placed 

around the opposite canine. Electrically stimulated teeth for these 

animals typically moved greater distances in the C-I region than control 

teeth. Four animals (900, 893, 870; and 891) received. independent 

bilateral stimulation (8· hr/day vs 24 hr/day) for ~ight and left canines 

respectively. Three of these four animals showed evidence of greater 

movement for the teeth treated with 24 hr/day electrical stimulation in the 

C-I region. No trends are established in the C-PM region when the raw data 

is examined. One animal (888) received 24 hr/day unilateral stimulation 

with a sham (0 hr/day) electrode placed on the opposite side. The 
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TABLE I 

RIGHT VS. LEFT TOOTH MOVEMENT (MM) IN INDIVIDUAL ANIMALS 

Cat Stimulus C-I C-PM I-PM 

881 8 Hr. vs 0 Hr. .483 vs .254 • 279 vs .356 .i002 vs .003 . 

887 8 Hr. vs 0 Hr. .610 vs .254 .229 vs . 127 .004 vs . 001 

900 8 Hr. vs 24 Hr. .889 vs .813 .127 vs .. 432 .003 vs .005 

893 8 Hr. vs 24 Hr. • 127 vs .356 .279 vs . 102 • 009·vs .004 . 

870 8 Hr. vs 24 Hr. .762 vs 1.346 1.067 vs 1.067 .016 vs .009 

891 8 Hr. vs r24 Hr. .533 vs . 813 .686 vs~.229 .004 vs . 01 3· 

657 0 Hr. vs 0 Hr. .686 vs .279 . 152 vs .254 .003 vs .001 

888 24 Hr. vs 0 Hr~ 2.083 vs .457. e559 VS . 178 .010 vs .006 
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electrically stimulated tooth moved a greater distance than the control 

tooth for both C-I and C-PM measurements. The ·1 ast · of the eight· cats 

served as a bilateral control , to receive no· electrical stimulation. 

Differences in tooth movement are noted despite attempts to produce 

identical forces in this animal. Measurements recorded for I-PM regions 

appear in the last column of Table I as a check system for the stability of 

these reference teethe 

Mean tooth movements have been compiled fo~ each of the three groups 

and appear in Table II. ·sixteen teeth were grouped according to the 

duration of electrical stimulation received: five control teeth receiving 

no elec~rical stimulation, five teeth receiving 24 hour/day electrical 

stimulation, and six teeth receiving 8 hour/day electrical stimulation. ·of 

the three groups, the 24 hour/day stimulation group had greater mean 

movement than any group for both C-I and C-PM measurements. The 8 hour/day 

stimulation group showed the second largest values for each measurement, 

followed by the cdntrol group. Differences between initial and firial 

measurements taken over the fourteen day t~eatment period were assumed to 

represent too~h movements. The mean movements of each tooth group are 

expressed in millimeters in Table II. In an effort to accommodate for 

differences in the individual animals' dentitions in our comparison, the 

movements were also standardized and. expressed as percentage movements. To 

arrive at a percentage movement, the di fferen.ce in movement ( rrnn) over the 

two week treatment period was divided by the initial or origi'nal distance 

(mm) between reference points. These standardized movements appear in 

Table III. Mean actual values ranged from 0.213mm to 0.478mm in the C-PM 

region and from 0.386mm to 1.082mm in the C-I region. Standardized values 
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TABLE II 

* Tooth Movement (MM) ** Group No. Canine.to 3rd Incisor· Canine to 2nd Premolar 

Control 

24 Hour 

8 Hour 

5 

5 

6 

* In mm. ± S~E.M. 

0. 386 ± ( • 08)

' 1 . 082 ± (. 29) 

0. 567 ± (. 1 0) 

Oe213 ± (.04) 

0~478 ± (.17) 

0.445 ± (.15) 

** All Treatments = 14 days 

TABLE III 

** Standardized Tooth Movement* (%) 
Groue No. Canine to 3rd Incisor Canine to 2nd Premolar 

Control 5 8.00 ± ( 1 . 54) 2.62 ± (. 49) 

24 Hour 5 20.77 ± {3.83) 6.08 ± (2.27) 

8 Hour 6 13.89 ± (2.68) 5.59 ± ( l. 98) 

* All measurements standardized and expressed as a % movement 
** All treatments = 14 days 
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essentially reflect the same ranges, only on a percentage scale with 2.62% 

to 6. 08% and 8. 00% and 20.77% movements for C-PM and C- I zones 

respectively. 

Statistical comparisons of the values listed in Tables I and II are 

shown respectively in Tables III and IVe Table IV consists of Student•s 

T-test results for the paired comparisons 'of the three treatment groups 

using the mean results of tooth movements expressed in millimeters. Table 

.IV displays a similar format for paired c-omparisons of standardized values. 

The Student • s one-tai_l ed T;..test has been employed to compare the three 

possible combinations of the three treatment groups as follows: Cl) 

control vs. 24 hour/day stimulation, (2) control vs. 8 hour/day stimulation 

and (3) 8·hour/day stimulation vs. 24 hour/day stimulations. No 

significant differences were found at the .05 level for any combination of 

treatment groups with the exception of the control vs. 24 hour/day grouping 

in the C-I region. This particular finding shriws consistant signifi~ance 

in both the measured.millimeter movements in Table IV and the standardized 

values depicted in Table V The partner ~easurements for th~ control vs. 24 

hour/day grouping in the C-PM region did not show significant differences 

in movement. Teeth treated 8 hours/day did not move significantly greater 

distances when compared to control teeth~ No signifi~ant differences were 

seen when the 24 hour/day stimulation group was compared to the 8 hour/day 

group. 

B. Osteoclast Cell Count 

Examples of the typical histologic appearances for areas of 

orthodontic compression are shown in Figs. 13 & 16. The POL appeared 

compressed to a slight degree (Fig. 13); however, the POL was still 



TABLE IV 

* Statistical Comparison of MM Tooth Movement 
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Groups Canine to 3rd Incisor Canine to 2nd Premolar 

Control vs. 8 Hr. 
(df = 9) 

Control vs. 24 Hr. 
(df = 8) 

8 Hr. vs. 24 Hr. 
(df = 9) 

** NeS. (t = 1.287) 

p=0~05 (t = 2.269) 

N.S. (t = 1. 765) 

*Students One-Tailed T-Test: df =- 9 p(.05) = 1.83 
df = 8 p(.05) = 1.86 

**N.S. = not significant, p>0.05 

TABLE V 

N • S . ( t = 1 . 386 ) 

N.S. (t = 1.534) 

N. S . ( t = 0. 1 50) 

' * Statistical Comparison of % Tooth Movement 
Groups Canine to 3rd Incisor Canine to 2nd Premolar 

Control vs. 8 Hr~ 
(df = 9) 

Control vs. 24 Hr. 
(df = 8) 

8 Hr. vs. 24 Hr. 
(df = 9) 

** N.S. (t = 1.80) 

p<0.05 (t = 3.09) 

N. S. ( t = 1 • 51 ) 

*Students One-Tailed T-Test: df = 9, -p(.05) = 1.83 
df = 8, p(.05)- 1.86 

** N.S. = not significant, p>0.05 

N. S. ( t = 1 • 33) 

N.S. (t = 1.49) 

N .. S. (t = 0.16) 



Figure 13 

Figure, 14 

PLATE 8 

Photomicrograph of .a typical compression fegion (distal/anode) 

·of an orthodontically treated tooth in which the PDL (P) space 

appears slightly compressed. Bone (B), Root (R) (H & E, Xl08). 

Photomicrograph of same compression site illustrating typical 

arrangement of monqnuclear cells (Mo) lining the inner wall of 

the lamina dura. Blood·vessels (BV) are not compressed to the 

extent of occlusion. Bone (B), Root (R), PDL (P) (H & E, 

X272) .• 
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noticeably vascular and showed no signs of hyalinization or necrosis. 

Alveolar bone appeared to be undergoing resorption from the POL side of the 

tooth socket. Osteoid which normally 1 i nes the innermost aspect of the 

lamina dura in a non-compress.ed · environm.ent was absent and mononuclear 

cells (Fig. 14) as well as osteoclasts (Figs. 15 & 16) lined the wall of 

the socket. Other POL cells opposite the anode included many mononucleated 

cells, a mixture of fibroblasts, and inflammatory cells. 

Results for the histologic analysis of the areas of orthodontic. 

compression (distal surfaces.) were quantified by. counting the number of 

osteoclasts present along a given distance of lamina dura. Data for this 

analysis seen in Table VI represents mean co.unts for the three sections· 

taken in each animal. Sixteen maxillary canines· were divided into the 

·three treatment groups previously described (control, 24 hour/day and 8 

hour/day), and the results of the osteoclast count analysis: appear in 

Tables VII, VIII and IX. 

Data collected from the osteoclast analysis is shown for individual 

animals in Table VI. The data is organized as mean values derived from the 

three sections analysed .for each anima 1 and _appears in the form of 

osteoclasts/millimeters. These values are further arranged into right vs 

left canines according to each animals· respecti've treatments. The range 

for mean numbers of osteocl asts was from 2 to 7. 67 osteocl asts and the 

~ange for the length of lamina dura examined was from 4.2 to 10.14mm. The 

higher va 1 ues for the 1 ength measurements indicates .a higher degree of 

trabeculation along the same one-third of the alveolus examined for each 

tooth. 



Figure_ 15 

Figure 16 

PLATE 9 

Photomicrograph of compression site (rlistal/anode) of an 

orthodontically treated tdoth illustrating typical arrangement 

of osteoclasts (0) along the inner wall of the lamina dura. 

Frontal resorption appears to be occuring from the POL side of 

the socket. Bone (B), POL (PJ, Koot (R) (H & £, X272). 

Higher ~agnification of same photomicrograph illustrating 

osteoclasts (0) in Howship's lacunae (HJ along inner wall of 

lamina dura (B). POL (P), Blood Vessel (BV) (H & E, X680). 
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TABLE VI 

OSTEOCLASTS/MM INDIVIDUAL ANIMALS 

Right vs Left 
Cat Stimulus Right: OCL/MM Left: OCL/MM 

881 8 Hr. vs 0 Hr. 7.67/5.773 3.67/5.937 

887 8 Hr. vs 0 Hr. 2.00.6.429 3.00/5.974 

900 ' 8 Hr. vs 24 Hr. 4.33/5.084 5.33/6.286 

893 8 Hr. vs 24 Hr. 3.00/5.099 4.00/6.262 

870 8 Hr. vs 24 Hr. 4.33/7.574 5.33/10.147 

891 8 Hr. vs 24 Hr. 5.00/6.120 3.33/5.745 

657 0 Hr. vs 0 Hr. 6.33/6e944 6. 67/6.44-1 

888 24 Hr. vs 0 Hr. 3.33/4.201 7.67/7~754 
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Values in Table VII represent the· poo:led data measurements of total 

osteoc 1 asts counted and tota 1 1 ength 1 ami na dura traced. The . number. of 
J ' 

osteoclasts for individual samples ranged: from 63 to 82 cells. The column 

labeled total osteoclasts in Table VIII represents· a sum of t~e samples 

counted. The tracings of the lamina dura varied depending upon the extent 

of trabeculation seen a·lang the inner surface of alveolus. Typical values 

for length tracings ranged from 96 to llOmm. The fifteen control samples 

showed a tota 1 of 82 oste6cl asts over a 1 ength of 97. ~mm of the 1 ami na 

dura. Twenty-four hour /day· samp 1 es accounted for 63 osteo_c 1 asts over- 96mm 

of lamina dura.. Fina-lly, the eighteen samples from the 8 hour/day group 

combined to total 80 osteoclasts over llOmm of Jamina dura. 

Tab 1 e VI I I · contains va 1 ues repre.senti ng the tota 1 count of 

osteoclasts/mm of lamina dura, the mean number· of osteoclastsimm of lamina 

dura, and the standard deviation of respective group values. Microscopic 

osteoclast counts along the distal· surfaces of distally tipped canines 

revealed mean values of less than 1 osteoclast/mm for all treatment and. 

contra 1 groups. The highest number of os teoc 1 as ts/mm recorded was found 

for the control group (0.826 osteoclast/mm). The 8 hour/day group followed 

with 0.750 osteoclasts/mm and the 24 hour/day-group showed the fewest cells 

at _0.678 osteoclasts/mm. These findings suggest an inverse relationship 

between current duration and osteocl ast.s/mm of 1 ami na dura in regions of 

compression. 

A ~aired comparison of the three treatment groups appears in Table IX. 

The mean values derived for control, 24 hour/day and 8 hour/day groups have 

been statistically compared using the Student•s T-test. T scores, p values 

and the percent difference between respective means are each shown on this 
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TABLE VII 

** Osteoclasts/mm of Lamina Dura 
Group No. Total Osteoclasts Total Bone Length (MM) 

Control 15 82 97.578 

24 Hour 15 63 . 96.03 

8 Hour 18 80 110.1313 

TABLE VIII 

* 
Osteoc1asts/mm of Lamina Dura 

Group No. Total Mean- (SEM) S.D. 

Control 15 12.37 0.826 ± (.10) 0.385 

24 Hour 15 10. 17 0.678 ± (. 06) 0.254 

8 Hour 18 13.49 0.750 ±(.10) 0.410 

*All treatments = 14 days 



Group 

Control vs 24 Hr. 
(df = 28) 

Control vs 8 Hr~ 
(df = 32) 

8 Hr. vs 24 Hr. 
(df = 32) 

TABLE IX 

Statistical· Comparison of Osteoclasts/MM 
T Statistic P Value % Dif of Means 

* 1 . 2421 0.2245 + 17.907 
(Control vs 24 Hr.) 

* 0.5480 0.5876 - 9.246 
(Control vs 8 Hr.) 

* 0.5878 Oc5609 + 9.543 
(8 Hr. vs 24 Hr.) 

* Not Significant, p>0.05 
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table. No significant differences were found when comparisons of the three 

possible· combinations of treatment groups were made. The paired grouping 

closest to showing statistical. significance was the control vs. 24 hour/day 

comparison resulting in a p value of 0.22 and a difference between means of 

17%. 

C. Percent Area of Immature Bone 

Examples of the typical histologic appearances for areas of 

orthodontic tension are shown in Figures 17-19. POL spaces appeared 

enlarged and blood vessel~ dilated. A uniform layer of osteoblasts 

typically lined the inner wall of the lamina dura which was often 

trabecula ted. Newly formed fi ngerl ike projections of osteoid were seen 

extending toward the canine root. Areas of chondroid bone (Figs. 20-22)~ a 

globular matrix more commonly seen during rapid growth in a developing 

alveolar crest, ·were evident in tension zones indicating the highly 

formative nature of bone in this region. Other POL cells typically· 

included many inflammatory cells, fibroblasts and other mononucleated 

cells. 

Results of the histological analysis in areas of orthodontic tension 

(mesial surfaces) were quantified by calculating the percentage of the 

surface areas occupied by a new or immature bone in a given zone of lamina 

dura. Sixteen maxillary canines were divided into three treatment groups 

previously described: (control, twenty-four/day, and eight hour/day). 

Three non-consecutive sections of each tooth were analyzed to increase 

sample si'zes of each group~ The results of the immature bone area analysis 

appear in Table X, XI, XII, and XIII. 



Figure 17 

PLATE 10 

Photomicrograph of a typical tension zone (mesial/ cathode) of 

orthodontically treated tooth in which the PDL space appears. 

enlarged. Bone (BJ, l{oot (R) (H & E, Xl08). 

Figure 18 .. _;t:,. .;.Photomicrograph of the same tension site· at higher 

magnification illustrating finger-like projections of osteoid 

._;, (OS) g.rowing towards the canine root. These projections are 

outlined by a uniform row of osteoblasts (Ob), PDL {P) (H & E, 

X272). 
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Figure 19 

PLATE 11 

High magnification of the same tension site illustrating the 

tingerlike projections (OS) which extend towards the canine 

root bordered by osteoblasts (Ob) (H & ~, X680). 
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~igure 20 

Figure 21 

·PLATE 12 

Photomicrograph of chondroid bone (CB) noted in many specimens 
. 

in· regions of orthodontic tension (mesial/cathode). These 

areas represent rapid bone formation which wi 11 later be 

replaced by typical bone. POL (P), Root (R) (H & c, Xl08). 

H1gher magnification photomicrograph (272X) of chondroid bone 

and mature bone (M). POL (P) (H & E, X272). 
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Figure 22 

PLATE 13 

Higher magnification photomicrograph of chondroid bone (CB) 

showing a typical globular arrangement. Mature Bone 

(MJ {H & E, X680). 
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Data collected for the immature bone area analysis in individual 

animals appears in Table X. These values are organized examining the mean 

values collected for the th~ee sections analyz~d for each animal in right 
) 

and left canines. The range for the area of immature bone quantified in 

the tension region were from 53.52 to 97.52% of the total area of alveolus 

analyzed. 

Values displayed in Table XI represent the area measurements (square 

m~llimeters) of total bone~ immature bone and mature bone· for each group. 

Outlines of total bone for· individual samples were generally ranged from 

2.1 to 2.3 square millimeters. The column labeled total bone in Table XI 

represents a sum of the samp 1 e areas for the respective groups. The· 

fifteen contra 1 samp 1 es showe~ a · tota 1 of 26.49 square mi 11 imeters of 

immature bon~ and 6.92 squafe millimeters of mature bone.· Fifteen samples 

from the 24 hour/day group had a total of 24.40 square mill.imeters of 

immature bone· and 5.86 square millimeters of mature bone. Finally, the 8 

hour/day group, with 18 samples, showed 24.90 square millimeters- of 

immature and 13.43 square millimeter~ of mature bone. 

Values seen in Table XII represent total percentages of immature bone, 

the mean percentage of immature bone, and the standard deviation for 

respective group va 1 ues. Photomicrograph tracings 'of sections viewed under 

polarized light revealed mean values ranging from 65% to 79% immature bone. 

The 24 hour/day grol(p showed the largest percentage of new bone (81.44%) 

fo 11 owed by the contra 1 group ( 79.44%) and finally the 8 hour /day group 

(65.19%). No direct or indirect relationship can be drawn for duration of 

a stimulation and mean ·percentage of immature_bone according to the values 

exhibited in this range of treatments. 
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TABLE X 

PERCENT AREA OF IMMATURE BONE IN INDIVIDUAL ANIMALS 

Rt vs Lt 
Cat- Stimulus Right: % Area Left: % Area 

881 8 Hr. vs 0 Hr.- 61e33 79.95 

887 8 Hr. vs 0 Hr. 61.35 82.00 

900 8 Hr. vs 24 Hr. 58.79 82.85 

893 8 Hr. vs 24 Hr. 60.99 53.52 

870 8 Hr. vs 24 Hr. 72.67 93.81 

891 8 Hr. vs 24 Hr. 75e99 79.49 

657 0 Hr. vs 0 Hr. 69.31 81.45 

888 24 Hr. vs 0 Hr. 97.52 86.15 
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TABLE XI 

Area of Lamina Dura (mm2) 
* Group No. Tota 1 Bone Immature Bone · Mature Bone 

Control 

24 Hour 

8 Hour 

15 

15 

18 

*All treatments = 14 days 

12.39 

10.17 

13.49 

0. 826· ± (. 1 0) 

0.678 ± ( .06) 

Oo750± (.10) 

0.385 

0.254 

0.410 



79 

TABLE XII 

* Osteoclasts/mm of Lamina Dura 
Group No. Total Mean (SEM) S.D. 

Control 15 12.37 0.826 ± ( 01 0) 0.385 

24 Hour 15 10 017 0.678 ± (. 06 )" 0.254 

8 Hour 18 13.49 0.750 ± ( -· 1 0) 0.410 

* All treatments = 14 days 

Group 

Control vs 24 Hr. 
(df = 28) 

Control vs 8 Hr. 
(df = 32) 

8 Hr. vs 24 Hr. 
(df = 32) 

*Significant, p<0.05 

TABLE XIII 

Statistical Comparison of Immature Bone Area 
T Statistic P Value % Off of Means 

0.3987 0.6931 -2.4531 
(Control vs. 24 Hr.) 

* 4.0162 3.488E-04 +17.9413 
(Control vs 8 Hr.) 

* 3.2839 2.541E-03 -19.9543 
(8 Hr. vs 24 Hr.) 
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A paired comparison of the three treatment groups appears in Table 

XIII. The mean percentages of control, 24 hour/day, and 8 hour/day groups 

were compared statistically using a Student's T-test. T values, p ·values 

and the ·percent difference between· means are shown in this tab 1 e. Two 

significant differences (P<.05) between the mean percentages of the three 

groups were found when the three pass i b 1 e combi'nati ons of treatment were 

compared. Control teeth showed significantly· larger fields (P<.05) of 

immature bone in association with orthodontic tension regions (mesial 

surfaces) when compared to· the 8 hour/day group. These. results show a 

p va 1 ue of 3. 488E-. 04 and a di ffe·rence between means of + 17.94% (contra 1 

vs. 8 hour/day). Also of statistical significance (P<.05) was the 

comparison of the 8 hour/day group with the 24 hour/day group. The 8 

hour/day group showed 1 ess percent immature bone than the 24 hour/day , 

group. The p value for this paired comparison was 2.541E-03 showing a 

difference between means of -19.95% (8 hour vs. 24 hour). 



IV. DISCUSSION 

A. Intraoral Measurement of Tooth Movement 

The results obtained in this study can be evaiuated on a clinical 

level as well as on a tissue and cellular level. The obs~rvations from a 

clinical viewpoint ~eveal that the application of electric currents to the 

tissues surrounding orthodontically.treated teeth enhance the rate of tooth 

movement. A quantitative histological examination of tension and 

compression sites further supports many of the observations made by 

Davidovitch et al. (53, 54). On the other hand, many questions have been 

raised by certain observations in this study which do not conform to 

findings reported for studies on the application o.f· orthodontic forces to 

electrically treated teeth. 

The present study confirms many of the findings reported -by 

Davi do vi tch ·and coworkers (53, 54). These authors reported that canines 

·treated with a combination of electricity (24 hour/day) and. force were 

tipped distally in all cases at a rate significantly faster (P<.Ol) than 

that demonstrated by the contralateral canines treated with force only. 

The present investigation confirmed these di ffere.nces in tooth movements 

between controls (force only) and electrically stimulated (24 hour/day) 

teeth at a significant level of P<.05 for the canine to incisor (C-I) 

measurements. Significant differences.in movements between 24 hour/day and 

contr6l teeth were not. exhibited by the canine. to premol~r (C-PM) 

measurements. This finding does not confirm the report of Davidovitch et 

al. (54) concerning statistically significant differences in movement in 

the C-PM region. The presence of significant differences in the C-I 
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region coupled with the non-significant findings in the C-PM region may 

suggest that the C-PM measurements do not reflect. the change in tooth 

movement as accurately as the C-I measurement. The direction of the distal 

tipping force is closer. to being along the.same line of the C-I measurement 

than the C-PM measurement. The C-PM measurement is 1 i kely to record. the 

arc of movement, and thus may not accurately reflect distance of the tooths· 

tipping movement. 

The results for the ·a hour/day teeth showed no significant differences 

in tooth movement when compared to either contra 1 s or 24 hour/ day teeth. 

Va 1 ues for the 8 hour/ day group were greater than those in the contra 1 

group and smaller than the 24 hour/day group; however, no statistical 

. significance was· found. ·The lack of statistical significance between 8 

hour/day and 24 hour/day groups may suggest that overnight and continuous 

stimulation may be equally effective on a clinical basis. It may also 

indicate that 8 hours of Tx is not as effective as 24 hours of Tx. A 

larger number of animals might have increased the sample size sufficiently 

to obtain a more representative group to clarify this issue. 

A tipping movement such as the one examined in this study is the 

result of a force applied to a single point on the crown of a tooth. The 

center of rotation of the ~oath will depend on the exact point at which the 

force is applied, b~coming nearer to the apex· of the root as the p6int of 

application becomes closer to the incisal edge of the crown. For our 

purposes, the closed· coil spring was attached to the canine at a level 

approximately 2-3 millimeters above the gingiva by way of a retentive 

undercut prepared by a No. 56 straight fissure bur. The anatomic 

dimensions of a tooth, the amount of exposed c 1 i ni ca 1 crown, and the 
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measurements were made in the present study since the bonded appli·ances 

interfered with accurate placement of the caliper measuring device. 

Duration ·of force relates how a force magnitude changes as a tooth 

responds by moving. Every activated coil spring has a rate of decay. The 

orthodontic force used in this study was delivered by opening a closed coil 

spring (Unitek, 0~008 x 0·.036 in.) to, deliver BOg -distal. tipping force. 

After a tooth had moved even a short distance, the force delivered would 

decrease slightly. Post-treatment forces were randomly sampled and ranged 

from 50-70g. 

Although their claws were clipped regularly, some animals managed to 

remove or distort the bucally positioned coil making it necessary to tie in 

a new coi 1 spring. The prob 1 em encountered was how to reca·ptu re . the 

a 1 ready de~ayi ng force. In cases where a single coi 1 was removed, it was 

typically replaced at the original 80g. In retrospect, this situation may 

have best been remedied by calibrating the new coi 1 to approximate the 

existing situation on the contralateral side. Histologic evidence does 

support, however, the finding that no excessively he~vy forces were placed 

on POL tissues. This finding suggests that the reestablishment of the 

orthodontic force without regard to fqrce decay· rates may not have been 

significant en!Jugh to alter the .resu.lts· in animals requiring coil spring 

reattachment. 

We originally proposed the use of procion bone mark~r to determine the 

rate of bone apposition. Intraperitoneal injections of fluorescing procion 

bone markers (Navy MX-RB, Yellow· M...;4RAN, Red H-8Bp; Polysciences, Inc. 

Warrenton, PA.) were given at the beginning, middle, and end of.the 14 day 

treat~ent peri~d. Histological analysis of the retrieved tissues was 
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expected to show incremental opposition lines of newly formed bone in the 

alveolus of orthodontically treated teeth; however, it only revealed an 

inconsistant incorporation of the procion bone dyes given to record the 

rate of bone apposition. This labeling inconsistency forced· the 

investigator to seek a new method to quantify bone remodeling associated 

with orthodontic tooth movement. 

B. Osteoclasts/mm of Lamina Dura 

Because tooth movement is facilitated by the formation of resorptive 

cells, an analysis of the number of osteoclasts per millimeter -of lamina 

dura in regions of compression seemed appropriate. For the tooth to move, 

osteoc 1 asti c ce 11 s must be formed and must remove bone from the a rea 

adjacent to sites of POL compression. Osteoblasts also must form new bone 

. on the tension side, but the timing of the osteoclastic activity is the 

cri ti ca 1 factor. With decreased b 1 ood flow, monocytes in the POL are 

stimulated to form osteoclasts (80)~ The first osteoclasts normally appear 

within the compressed lig~ment 36 to 72 hours after the force is applied. 

These ce 11 s attack the adjacent 1 ami na dura, removing bone in the process 

of frontal resorption and tooth movement begins· (80). 

The paired comparisons of the three treatment groups revealed no 

differences in numbers of osteoclasts/mm of lamina dura. A decreasing 

trend in the numbers of osteoclasts/mm was noticed for decreasing levels of 

electrical stimulation. The osteoclasts counted were very few in number 

and are thought to have been limited by the specific criteria required to 

designate the traditionally described osteoclast. Oavidovitch et ~- (53) 

found very 

electrically 

few multinucleated 

stimulated sites. 

osteoclasts in 

These authors 

control 

do 

sites 

report 

or in 

intense 
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immunohistochemical staining for cAMP and cGMP in compression zones 

normally occupied by alveolar bone but replaced by numerous mononuclear 

cells. 

Events near the anode appear very difficult to interpret because 

electrically stimulated teeth moved at a greater rate than did controls 

without the aid of an increase in numbers. of classically des~ribed 

resorptive cel1s. While resorptive activities were anticipat~d, the 

classical cell type did not reflect the·activity by virtue of cell number. 

An alternate explanation may possibly involve increased activity of the 

normal numbers of osteoclasts present.· It is also possible that the 

resorptive process is accounted for by-mononuclear cells. not included in 

this count of traditionally defined osteoclasts~ 

C. Immature Bone Area 

. Osteoid, the product of osteob 1 asts, is found on a 11 bone surfaces 

where new bone is deposited. During tooth movement, unca 1 ci fi ed osteoid 

will form around fairly thick collagen fiber bundles. Calcification of the 

deepest 1 ayers of the osteoid increases as the new tissue increases ·in 

thickness with the superficial layer usually remaining uncalcified. The 

newly calcified ti"ssue is called bundle bone or immature bone. It is 

basophilic and appears dark in sections stained with hematoxylin and eosin . 

. When immature bone reaches a certain thickness and maturity, parts of the 

immature bone will be reorganized into lamellated (mature) bone. Polarized 

light will differentiate areas of mature, lamellar bone from immature, 

bundle bone (67, 80). 

The analysis of immature bone area was expected to reflect an enhanced 

response or higher percent area in teeth with greater amounts of movement. 
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This expectation was partially fulfilled when mean values for 24 h~ur/day 

teeth were s i gni fi cantly greater in percent area of immature bone when 

compared with the 8 hour/day group. An unexpected result came as the 8 

hour/day group showed significantly less immature bone/square millimeter 

when compared with. the control group. No direct relationship could be 

drawn between duration of electrical stimulation and percent area of new 

bone. 

A-period of 4 to 5 days is generally necessary before tension forces 

elicit bone formation. As a forerunner to bone formation, there is 

typically an increase in the number of fibroblasts and osteoblasts by 

mitotic division (67, 80)·. Very high percentages .of immature bone were 

recorded for all groups indicating that tension exerted on the periodontal 

fibers created a response in the osteoblasts along the bone surface to form 

new·osteoid and thus immature bone. 



V. CONCLUSIONS 

l. Continuous (24 hour/day) application of electrical stimulation to 

orthodontically treated teeth enhances the rate of tooth 

movement. 

28 Numbers of multfnucleated osteoclasts do not account for the 

difference in the rate of tooth movement between electrically 

stimulated and control teeth. 

3. No direct relationship can be drawn between the duration of 

electrical applications and the amounts of immature bone found in 

the tension zones of orthodontically treated teeth. 
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VIl. APPENDIX 

Ae Animal Use/Procedures Approval Form (see attached) 
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