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INTRODUCTION 

A. Statement of the problem 

Orthodontics and Dentofacial Orthopedics can be defined as the art and science of 

creating healthy, beautiful smiles by moving teeth with precise and gradual force 

application. It is also concerned with the growth of the craniofaci~l complex, 

development of occlusion, and treatment of various dentofacial abnormalities. It was one 

of the first dental specialties to be established in 1900 by Edward Angle and his 

colleagues. In orthodontic treatment, teeth are moved through alveolar bone. 

Bone is a dyiiamic tissue that constantly undergoes remodeling. This process of 

remodeling enables bone to respond and ·adapt to mechanical loading as occurs in 

orthodontic tooth movement. Tooth movement is thus facilitated by mechanical forces 

exerted on the tooth and transmitted to the bone via the periodontal ligament (PDL). 

Histological studies have revealed that force induces bone resorption on the compression 

side and bone deposition on the tension side around the root of an orthodontically moved 

tooth. 

The biologic response of the bone to force application on the tooth depends on its 

magnitude. For example, excessive forces can cause undermining resorption. This is a 

pathological process characterized by occlusion of blood vessels, pain, necrosis and a 

delay in tooth movement. Lighter forces cause removal of bone from the compression 
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side due to activation of osteoclasts and is termed frontal resorption. Orthodontists face 

the daunting task of producing painless frontal resorption and maintaining tooth vitality 

while avoiding undermining resorption. 

Mechanotransduction is the ceJlular, molecular and genetic pathways responsible 

for mechanical modulation of ceil and tissue activities. The biological response of the 

periodontal tissues to loading as seen in mastication and orthodontic movement, enables 

supporting bone to adapt to changes in its mechanical environment. It is, therefore, 

important to investigate biomechanical and structural reactions of the bone, PDL, and 

PDL-bone interface to external forces, in order to determine optimal force application in 

orthodontic tooth movement. The PDL-bone interface is an integral component of 

mechanotransduction in normal occlusion and orthodontic tooth movement. Mechanical 

loading causes structural changes at the PDL-bone interface which have not been 

quantified due to its irregular morphology. Few investigations have studied this 

interface, as its complex nature does not allow for its numerical assessment by Euclidean 

geometrical principles. Fractal analysis can, therefore, be used to quantify this interface. 

Response of the PDL-bone interface to mechanical deformation is important in 

our understanding of changes induced by orthodontic tooth movement. Changes in 

fractal dimension at this interface may be useful indicators of the direction and magnitude 

(intensity) of the physiologic or pathologic forces being transmitted from the tooth to the 

alveolar bone. Since the intensity and rate of tooth movement are closely associated with 

bone remodeling, a better understanding of the specific mechanisms of 

mechanotransduction may provide a key to predicting how teeth respond to mechanical 
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loading. This knowledge, in tum, can be used to improve biomechanical forces in 

orthodontic practice for an improved tissue response. 

The aim of this, project was to learn specific details of the response of the PDL

bone interface to mechanical deformation. No studies, to date, have linked changes in 

fractal dimension at the PDL-bone interface to application of mechanical loading as 

occurs in orthodontic tooth movement. We also examined this ''fractal dimensional 

change" and its implications for bone remodeling during tooth movement. 
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B. Review of Related Literature 

Orthodontic tooth movement 

The periodontal ligament (PDL) Is a highly vascular connective tissue that 

transmits forces from the tooth to the surrounding alveolar bone (Figure 8,9). The 

periodontal ligament is a complex tissue made up of three major systems that control 

tooth support; the collagen fibers, the ground substance and matrix proteins, and the 

_vasculature. The width of the PDL, although narrow is very carefully regulated. Type I 

collagen fibers constitutes the majority of the organic portion of the ligament and is 

responsible for most of its load bearing capabilities (Jain et a!., 1988). Collagen 

molecules combine to form microfibrils, subfibrils and fibrils. The collagen fibers have a 

regular wavy orientation referred to as "crimp", due to cross-linking of the proteoglycans 

(Gathercole and Keller, 1982). The fibers uncrimp first and then stretch when a load is 

applied. These collagen fibers attach the cementum of the tooth on one side of the PDL, 

to the alveolar bone on the other side. 

The predominant cell type in the ligament is the fibroblast which in rodent molars 

occupies 35% of the volume of the periodontal ligament space (blood vessels excluded) 

(Beertsen, 1975). The fibroblasts are oriented more or less parallel to the collagen fibers 

and attach to the collagen via a fibronexus type of attachment plaque, and have the 

capacity to orient the extracellular matrix (Hynes and Destree, 1978; Singer, 1979; Harris 

eta/., 1981; Garrant eta/., 1982). Numerous studies have also indicated that these matrix 

proteins of the periodontal ligament have an extremely high turnover rate, much higher 



5 

than gingiva, skin and bone (Sodek, 1993). The collagen, fibroblasts and the 

extracellular matrix (ECM) proteins together, provide the unique characteristic of the 

periodontal ligament that relates to the adaptability of the periodontal tissues. Various 

theories have been postulated to describe the complex phenomenon of orthodontic tooth 

movement, ·but there remain unanswered questions as to how mechanical load is 

translated into a biologic response. 

In the late 1800's, orthodontic tooth movement was considered to be the result of 

the elasticity of the alveolar bone (Kingsley, 1880). A few years later, alveolar bone 

bending, bone resorption and apposition was considered to be the key mechanisms 

involved in tooth movement (Farrar, 1888). 

The most widely accepted theory of tooth movement was the pressure-tension 

hypothesis: Bone is resorbed in some areas under compression and deposited at the 

opposite tension site, allowing tooth movement through bone (Oppenheim, 1911 ). 

Histological studies later confirmed that orthodontic forces induced osteoblastic bone 

apposition on the tension side, and osteoclastic bone resorption on the compression side 

(Reytan et al., 1947, 1960, 1970); (Rygh et al., 1972, 1973). 

Wolff proposed that metabolic factors and mechanical factors were responsible 

for bone remodeling (Wolff, 1892). Subsequent studies have shown that systemic 

hormones and local factors regulate bone remodeling. Estrogen, androgen and 

calcitoninare known to delay orthodontic tooth movement by increasing the bone mineral 

content, bone mass, and decrease the rate of bone resorption. On the other hand, 

corticosteroids and thyroid hormones increase the rate of tooth movement. Exogenous 

prostaglandin stimulates root resorption during tooth movement (Brudvik and Rygh, 
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1991; Boekenoogen et al., 1996) and physiologic root resorption (Davidovitch et al., 

1985). 

The concept of bone remodeling in orthodontic tooth movement was introduced 

in a paper by Breitner in which he states that bone does not travel along with moving 

teeth, but entirely new bone was progressively formed as the teeth moved (Breitner, 

1940). Hill hypothesized that activated osteoclastic precursors differentiate into active 

osteoclasts that initiate bone resorption process, followed by a bone formation phase 

directed by osteoblasts. In the normal remodeling cycle, the sequence of events always 

remains the same: osteoclastic bone resorption produces a defect in the mineralized bone 

surface. This is followed by a reversal phase and osteoblastic bone formation to repair the 

defect (Hill, 1998). 

Frost's mechanostat theory differentiates modeling and remodeling and states that 

Bone disuse and overload produces different effects on these processes (Frost, 1987). 

Disuse activates remodeling, but inhibits modeling, which leads to bone loss. Overload 

inhibits remodeling and activates the process of modeling causing bone formation. 

However, this theory does not explain the biological effects caused. by high mechanical 

stresses. 

The ''Unifying Theory of Bone Remodeling" suggests that bone lining cells are 

inclined to activate remodeling unless restrained by an inhibitory signal. 

Mechanically provoked osteoclastic signals serve this inhibitory function. Consequently, 

remodeling is elevated when signal generation is interrupted by damage due to excessive 

loading (Martin, 2000). 
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A variety of animal models have been used in orthodontic tooth movement 

research. Rat models are most commonly used, but it is difficult to deliver controlled 

orthodontic forces to such small teeth. Various methods of producing orthodontic tooth 

movement are found in literature. The method described by Waldo (Waldo, 1953; Waldo 

and Rothblatt, 1954) in which molars were moved by orthodontic elastic bands inserted 

between teeth is still widely used (Young, 1999; Zenter eta!., 2001). 

Custom-made stainless steel appliances have been used in most rat orthodontic 

tooth movement studies. The construction of these appliances ranges from a simple 

rectangular standardized spring (Igarashi et a!., 1994) to more complex designs like 

Konoo's modified orthodontic cleats bonded bilaterally to the occlusal surface of acid

etched maxillary first molars (Konoo et a!., 2001), or fixed orthodontic appliances 

cemented to rat incisors with bands soldered to an active spring (Engstrom et at., 

!998).The closed spring model has also been widely used. This is a 6 mm closed coil 

spring anchored by a 0.009 inch stainless steel ligature wired to the maxillary first molars 

and incisors (Bridges eta!., 1988; Brudvik and Rygh, 1993; Soma eta!., 1999). 

The forces exerted to cause tooth movement vary among authors and studies, 

even though the same appliance has been used. However, the optimal amount of force 

for rat tooth movement is still unclear. 

A constant force of 5 g to 25 g was used to move rat maxillary molars (Rygh, 

1972). Engstrom applied a 50 g force to open a space between rat maxillary central 

incisors (Engstrom, 1988). Studies have shown that a single one-hour activation of a 40 

g appliance, daily on a maxillary molar, is sufficient to produce tooth movement by the 

fourteenth day in a rat model (Gibson et a!., 1992). Kyomen applied forces of two 
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different intensities: 10 g light force and a 40 g heavy force. In a separate study, the same 

group used a 50 g intrusive force to study root resorption (Kyomen and Tanne, 1996; Lu 

et at., 1999). Bridges used a closed coil spring to deliver an initial force of 60 g (Bridges 

et at., 1988). 

Fractal Dimension 

"Fractal" is a concept introduced by B. Mandelbrot to designate objects with 

"fractional" geometric dimension (Mandelbrot, 1982). In classical Euclidean geometry, 

objects have dimensions with integer values i.e a point has a dimension 0, line has a 

dimension 1, rectangle has a dimension 2, etc. In fractal geometry the objects have a 

dimension with a fractional value. For example, the best known fractal objects are Van 

Kochs curve which has a fractal dimension of 1.26 (Figure 1) and Serpinksy's carpet 

(Figure 2) which has a fractal dimension of 1.89. 

Fractal dimension of an object is a measure of its space- filling properties, the 

more space the object occupies the higher the fractal dimension and more complicated 

the object (Mandelbrot, 1982). This concept of fractal dimension provides a measure of 

geometric complexity which means that complex shapes can be characterized 

objectively. A fractal is a set for which the Hausdorff -Bescovich dimension strictly 

exceeds the topological or Euclidean dimension. This Hausdorff-Bescovich dimension 

is the fractal dimension of an object. Generally, the higher the fractal dimension, the 

more complex the object. The concept of fractal dimension can be easily explained by 

the following example. (CS212 Handouts) 



Figure 1. Van Kochs island and Van Kochs curve. Both have a fractal dimension 

of1.26. 

Figure 2. Sierpinski 's carpet. It has a fractal dimension of I. 89 

(Mandelbrot BB. (1982). The Fractal Geometry of Nature. Freeman Press, San 
Francisco) 
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Figure 1 

Figure 2 



Table 1: Explanation of the concept of fractal dimension. CS 212 Handouts. 

Mathematical Interpretation of Fractal Dimension. 
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Explanation Image Exponent gives 
the dimension 

4 = 41 pieces 
Notice that a line segment is self-

similar. It can be separated into 4=41 

"miniature" pieces. Each is 114 the size 

of the original. Each looks exactly like 

the original figure when magnified by a 

factor of 4 (magnification or scaling 

factor). 

-- - - -
16 = 42 pieces 

The square can be separated in to 

miniature squares. If the smaller 

square is magnified (scaled) 4 times 

then it is identical to the larger square. 

However, we need 16 = 42 pieces to 

make up the original square figure. 

64 = 43 pieces 
The cube can be separated into 64 = 43 

pieces. Again, these pieces need to v I-' 

be enlarged (scaled) by a factor to 4 to 
,..v 

/ 
/y/ 

generate the larger square. /v 

Table 1 
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Therefore, N (the number of miniature pieces in the final figure) is equal to S (the 

scaling factor) raised to the power D (dimension). In the previous cases it is easy to find 

the dimension by simply reading the exponent. This simple concept can be generalized 

to measure non-integral dimensions of many fractals. 

LogN=DLog S 

D-Log N 
Log S 

This is the formula to use for computing the fractal dimension of any strictly self -similar 

fractal. 

Fractal dimension has made a major cont:Ijbution to ·describing and measuring 

morphology of the natural world (Pentland et a/.,1984). The irregularity of the junction 

between a normal tissue and a tumor was determined to be the most significant diagnostic 

factor when assessing a lesion for malignancy (Keefe et al., 1990). It has been shown 

that probability of a lesion being malignant increases with increased fractal dimension 

and hence border irregularity (Claridge et al., 1992). In oral floor lesions, irregularity of 

the epithelial connective tissue interface (ECTI) is used as a diagnostic feature. It has 

been seen that higher irregularity co-relates with locally invasive areas (Landini et al., 

1993). In· addition, fractal dimension has been used to characterize mammographic 

patterns. (Caldwell et al., 1990), colorectal polyps (Cross et al., 1994), trabecular bones 

(Cross et al., 1994, Majumdar et al., 1994;Benhamou et al., 1994, Fazzalari et al., 

1996), retinal vessels (Mainster, 1990), renal arteries (Cross et al., 1993), Papanicolaou 

stained cervical samples (MacAulay, 1990), and epithelia1lesions (Landini et al., 1993). 
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Fractal analysis has also been used to identify functional and non- functional DNA 

sequences and division of the fotrner into introns and exons (Korolev et al., 1992). 

Measurement of Fractal Dimension 

A large number of different types of fractal dimensions have been described 

(Peitgen et al., 1992; Cross et al., 1994), but many are only applicable to pure 

mathematical fractal objects. The three most commonly used methods in biological 

sciences are the box - counting method (Peitgen et al., 1992; Froyland, 1992; Gulick, 

1992), the perimeter stepping (or divider) dimension (Long et al., 1992; Sanders et al., 

1993), and the pixel - dilation method (Wingate et al., 1992; McKinnon et al., 1992; 

Landini et al., 1993). Of these, the box-counting is the easiest to implement and is often 

used to determine the fractal dimension of fractal image (Bourke, 1993; Trusoft Inc, 

1999; Jelinek, 2001). The methodology is illustrated in Figure 3. 

In a typical implementation of this method on an image analysis system, the 

fractal pattern is covered with a mesh of boxes (squares) whose size is gradually reduced, 

and the number of boxes containing.the outline are counted. The formula of the box-

counting dimension is given by 

lim 
Db= E 0 

logN(E) 
log (1/E) 

where Db is the box- counting fractal dimension of the object, E is the side-length of 



Figure 3. Diagrammatic representation of measuring the box-counting fractal 

dimension method. A digitized image of a tumor is (a) thresholded and 

converted to single pixel outline (b) Boxes of difftrent side lengths are 

applied to the outline(c and d) and the number of outline-containing squares 

is counted for each different size. 
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Figure 3 



the box, and N (E) is the smallest number of boxes of side -length E required to cover 

completely the outline of the object being measured. However, the limit zero cannot be 

applied to biological objects, so an empirical method is used, given by 

Db=d 

where dis the slope of the graph oflog N (E) against log 1/E. An example is shown in 

Figure 4. 

14 



Figure 4. Log-Log graph used to calculate the fractal dimension. It can be seen that 

there is a central linear segment and the gradient of this segment (in this case 

1.66) is taken to be the box-counting fractal dimension. 
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Viscoelastic Creep 

The periodontal apparatus attaches teeth to bone and consists of the 

periodontal ligament, Sharpey's fibers and the surrounding alveolar bone. The 

periodontal ligament (PDL) stabilizes the tooth in bone and provides nutritive, 

proprioceptive, and reparative functions (Berkovitz and Moxham, I 982). The cells of the 

normal PDL include osteoblasts and osteoclasts adjacent to the bone surface, fibroblasts, 

epithelial cells, endothelial cells, neural elements and cementoblasts along the root 

surface. All these cellular elements, along with the matrix proteins and 

glycosaminoglycans, make the PDL a tissue with unique biophysical functions (Wang 

and Somerman, 1991; Lekic and McCulloch, 1996). The major component of the 

periodontal ligament and alveolar bone is Type I collagen. Type I collagen shows 

characteristics of a viscous liquid and an elastic solid and is classified as a viscoelastic 

material. 

The mechanical response of collagenous soft tissue to external stress is non-linear 

and viscous (McElhaney, 1965; VanBrocklin and Ellis, 1966). The PDL has been· shown 

to demonstrate non-linear viscoelasticity (Wills et al., 1972; Christiansen and Burstone, 

1962; Daly et al., 1974; Picton and Wills, 1978), but details of this complex behavior are 

yet unknown. This functional characteristics of the PDL are mainly due to masses of 

collagen fibers and the incompressible, gel like, matrix composed mainly of hydrated 

glycosaminoglycans (Kirkham et al., 1995; Kagayama et al., 1996; Scott and 

Thomlinson, I 998). 

Cortical bone also is known to exhibit viscoelastic, time-dependent, behavior 

(Carter and Caler, 1983; Fondrk et al., 1988; Caler and Carter, 1989; Rimnac et al., 
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1993). For these viscoelastic materials, the stress-strain relationship changes as a 

function of time. Viscoelastic materials show time-dependent mechanical behavior such 

as sensitivity to strain rate, creep and stress-relaxation (Larrabee, 1986; Sasaki et al., 

1999; Pioletti et al., 2000). 

Creep is an· important characteristic of viscoelastic materials. It is defined as the 

increase in strain over time under a constant stress, or strain relaxation (Craig and 

Powers, 2002). Creep recovery is the instantaneous decrease in strain and the slower 

strain decay to some steady-state value, when the load is removed. Creep compliance (Jt) 

is the strain divided by stress as a function of time. 

It= Jo + J, + (t/11) 

Where Jo is the is the instantaneous elastic compliance 

J, is the retarded anelastic compliance 

t/11 is the viscous response at time t 

The strain associated with Jo and J, is completely recoverable after the load is removed, 

' 
while the strain with t/11 is not recoverable and represents permanent deformation. Stress-

relaxation is the fall in stress that occurs when a viscoelastic material is stressed to a fixed 

value and then held at a constant strain. It can be quantified as a percent change in stress. 

Viscoelastic models have been used to explain the stress-strain behavior of 

various materials. Models of viscoelastic materials are typically mechanical analogues 

composed of springs and dashpots. They represent the elastic and viscous components 

respectively. 

Compressive creep curves exhibit three important regions: the initial 

displacement, a viscous or strain-elongation phase, and lastly, the recovery. 
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Stresses to which the periodontal ligament is subjected during orthodontic tooth 

movement cannot be accurately predicted. The altered stresses and strains in the 

periodontal ligament and the surrounding alveolar bone, however, are known to cause 

tissue remodeling which, in tum, causes tooth movement. Collagen fibers of the 

periodontal ligament bear most of the mechanical load of rat molar teeth (Kawada and 

Komatsu, 2000). It has been suggested that the initial rapid tooth movement is probably 

due to the elastic component of periodontal ligament, and the subsequent slow and 

gradual tooth movement, progressive creep is due to the viscoelastic component 

(Moxham and Berkowitz, 1982). 



HYPOTHESIS 

It is our hypothesis that the fractal dimension of the PDL - bone interface 

increases in response to mechanical stress as occurs in orthodontic tooth movement. 

Viscoelastic creep is an important mechanism in the remodeling of the PDL-bone 

interface in response to mechanical loading and maybe responsible for this increased 

fractal dimension. 

SPECIFIC AIMS 

Specific Aim # 1 

To calculate the normal fractal dimension at the apical third of the normal and 

experimental I '1 and znd rat maxillary molar roots. To also determine if the fractal 

dimension was the same for all the roots of the same tooth or for the same root of 

different teeth. To investigate changes in fractal dimension at the apex of roots of 
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experimental teeth in response to mechanical load. Immunohistochemical techniques 

will be performed to check for potential links between the osteoblastic /osteoclastic 

activity and the change in fractal dimension. 

Specific Aim # 2 

To investigate regional changes in fractal dimension along the length of the 

normal roots from the apex to the cemento- enamel junction. This may provide a map of 

the stress distribution along the entire root length . 

Specific Aim # 3 

To also examine if loss of occlusion or absence of external mechanical stress 

changed the normal fractal dimension at the apex of the roots (Extraction study). 

Specific Aim # 4 

To determine that creep-like behavior, characteristic of viscoelastic properties of 

the PDL, associated with mechanical loading as is seen in orthodontic tooth movement 

that may be responsible for the change in fractal dimension at the PDL-bone interface. 



MATERIALS AND METHODS 

Experimental animals 

A total of 57 Harlan 218 B retired breeder female rats weighing 250-300 grams 

were used as experimental animals. They were shipped in an air - conditioned truck and 

acclimatized for 24 - 72 hours in an air - conditioned room. All rats were maintained on 

pellet rat diet and water ad libitum. The guidelines from the Handbook for the Care and 

Use of Laboratory Animals at the Medical College of Georgia were followed in all the 

animal handling. 

Orthodontic Appliance (Spring design) 

Stainless steel round orthodontic wire (0.018 inch or 0.46mm, Sybron Dental 

Specialties, Glendora, CA, USA) were bent as shown in the figure 6,7 to construct 32 

customized springs. 

The initial force of expansion used was as follows: 24 springs exerted a force of 

50 g (0.5:t'l) and 8 springs exerted a force of I 0 g (0.1 N). The force delivered by each 

spring was determined using a Vitrodyne VI 00 Universal Tester (Figure 5). When 
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compressed by the Vitrodyne, each spring produced a force that was equal to the 

distance that it was being compressed. From the graph, the distance a spring needed to be 

compressed, in order to exert the required amount of force (0.1 N or 0.5 N) was 

determined. Each spring was customized to individual animals by determining the 

intermolar distance and the corresponding value on the force-displacement graph. The 

springs were then modified to deliver the required force. 

Experimental Procedure 

Committee on Animal Use for Research and Education approval was obtained for 

all studies involving rats. Each animal was anaesthetized with an intramuscular injection 

of"rodent anaesthesia cocktail" (0.5-0.7 ml/kg dosage), a combination of Ketamine (100 

mg/ml ), Xylazine (20 mg/ml), and Acepromazine (10 mg/ml). The distance between 

the right and left upper 151 molars was measured with a digimatic caliper (Mitutoyo 

Corporation, Japan). Using the intermolar distance reading of each animal, a spring was 

adapted to ensure that the same amount of force was delivered to every rat within each 

group. 

A small circular depression in the enamel of the lingual surface of the crown of 

each molar was made utilizing a dental handpiece at slow speed with a BluWhite 

diamond bur (Kerr Corporation, Glendora, CA, USA). 
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Tooth movement 

To apply orthodontic forces, the spring was placed in the rat maxilla with the small arm 

engaged in the circular depression (Figures 6, 7). This ensured that the force was applied 

only on the first molars and that the spring remained in place for 6 hours. 



Figure 5. Graph showing distance (displacement) versus force. Each spring was 

customized to an individual rat by measuring the intermolar distance and 

reading from the graph. 
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Figure 6. Orthodontic mechanics used in this study. Occlusal view of the appliance 

set on the rat maxilla. (Orellana et al (2002) Plasma membrane disruption 

in orthodontic tooth movement in rats. J Dental Res 81 (1):43-47 

Figure 7. Schematic representation of orthodontic appliance for lateral movement of 

first upper molars. (Orellana et al (2002) Plasma membrane disruption in 

orthodontic tooth movement in rats. J Dental Res 81 (1):43-47 
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Figure 6 

Figure 7 
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Since the force was applied away from the center of resistance, the orthodontic appliance 

produced a tipping movement (Figure 8). The crown was moved from lingual to buccal 

and the root apex moved in the opposite dire.ction. 

After the specific time period, the springs were removed under deep general 

anesthesia, and the rats were perfused transcardially with 40 mL of 10% buffered 

formalin solution until death. 

Tissue Preparation 

The maxilla was isolated using a low speed saw (Isomet Buehler Ltd, Lake Buff, 

IL) under constant water irrigation. All soft tissue was removed from bone. The 

specimens were sectioned sagitally, with the mid- palatine suture serving as a ·landmark, 

to yield two samples per section. The samples were obtained from the apical one-fifth of 

the root apices (Figure 9). The area of interest consisted of 1 '\ 2"d and 3'd molars on 

either side and the alveolar bone surrounding them (Figure I 0). 

Both halves were placed in formaldehyde solution ( 4 % paraformaldehyde in 

O.IM phosphate buffer, pH 7.4) for 24 hours. Following that time, the maxillary samples 

were demineralized in EDTA decalcification solution containing: 41.3 gm Disodium 

EDTA, 4.4 gm NaOH, and 1000 ml distilled water (pH 7.0 -7.4; 330-340 mOsm/kg, 

EDTA cone 4.13 %). The maxilla were stored in this solution and refrigerated for 

six weeks. The soh:ttion was changed every 2 days. 
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After demineralization was complete, the tissue sections were dehydrated using 

ascending grades of ethanol and then cleared in xylene using a tissue processor. After 

infiltration with a paraffin/xylene mixture, the tissues were embedded in paraffin. 

Preparation of sections 

Serial sections 5 11m thick were cut in the occlusal plane through the molar roots 

from the mesial of the first maxillary molar to the distal of the third maxillary molar 

(Figure 10). Samples obtained from the 0.5 N continuous (static) force application 

(Group I) and from the control group (Group IV) were sectioned from the apex to the 

furcation area (Ref page 29, 30). The samples obtained from the 0.1 N force application 

were sectioned from the lowest one-fifth of the root apex and compared to corresponding 

sections obtained from the control and 0.5 N force samples. The samples obtained from 

the 0.5 N cyclic force (Group III) experiments were also compared to the control 

samples. 

For the regional analysis, 5 11m sections were cut sequentially from the apical 

third (0-250 11m), the middle third (250-500 11m), and the cervical third (500-750 11m) 

regions of the roots. Representative sections from every 50 11m were chosen for analysis. 

The mesiolingual and distobuccal roots from the control group and the 0.5 N force group 

were used in this study (Figure 11 ). 



Figure 8. Schematic view of an orthodontic tipping movement of a single rooted tooth. 

Figure 9. Schematic drawing of rat maxillary molars as seen in sagittal plane. The 

solid black horizontal line shows the apical one-fzfth of the root. Ml, first 

molar, M2, second molar; M3, third molar. (Yamashiro et al., (2001) 

Mechanical stimulation induces CTGF expression in rat osteocytes. J Dent 

Res 80(2):461- 465. 
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Figure I 0. Schematic drawing of a horizontal plane of rat maxilla. Serial 5-J 0 pm 

sections were cut parallel to the occlusal plane. MJ,jirst molar; M2, 

second molar; M3,third molar. Modified from Yamashiro et al., 2001. 

Figure II. Schematic representation of the three regions of the root, the cervical 

third the middle third and the apical third. 
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Fractal study experimental design 

Specific Aim # 1 

To calculate the normal fractal dimension at the apical third of the normal 

and experimental 1'1 and 2"d rat maxillary molar roots. To also determine if the 

fractal dimension was the same for all the roots of the same tooth or for the same 

root of different teeth. To investigate changes in fractal dimension at the apex of 

roots of experimental teeth in response to mechanical load. Immunohistochemical 

techniques will be performed to check for potential links between the osteoblastic 

/osteoclastic activity and the change in fractal dimension. 

In this set of experiments, 32 rats were divided into 4 groups (3 experimental 

groups and 1 control). Each group contained 8 rats. 

Group I 

Under general anaesthesia, a 0.5 N (50 grams) transmaxillary force was exerted 

on each rat using a spring set between both upper I '1 molars on the lingual surfaces of the 

crowns. Each spring was kept in place for 6 hrs, then it was removed and the animal was 

sacrificed immediately by perfusing it transcardially with 40 mL of 1 0% buffered 

formalin solution until death. 
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Group II 

The same protocol as Group I was followed, except that the springs were designed 

to exert a force of 0.1 N (1 0 grams). 

Group III 

Under general anesthesia, a 0.5 N (50 grams) cyclic force was exerted using a 

spring set between the upper 1st molars on the lingual surface of the crowns of each rat. 

The spring was kept in place for 5 minutes and then removed for 5 minutes. This was 

repeated 5 times every day for 4 days. The rats were sacrificed 2 hrs after the procedure 

on the 4th day. 

Group IV 

This served as the control group. The rats were anaesthetized and sacrificed. 
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Specific Aim # 2 

To investigate regional changes in fractal dimension along the length of the 

normal roots from the apex to the cemento-enamel junction. This may provide a 

map of the stress distribution along the entire root length. 

The samples obtained from the 0.5 N force application and the control 

experiments were demineralized, dehydrated, embedded in paraffin and sectioned in the 

occlusal plane from the apex of the root to the furcation area. Five micron sections were 

taken at every 250 11m. The experimental group sections were compared with the 

corresponding control sections for changes in fractal dimension. 

Specific Aim # 3 

To also examine if loss of occlusion or absence of external mechanical stress 

changed the normal fractal dime11sion at the apex of the roots (Extraction study). 

The lower I'' left molar was extracted under anaesthesia and enameloplasty 

performed on the lower 2"d molar. This ensured no occlusal loading on the opposing 

tooth (upper I'' molar). The left side samples constituted the extraction group. The rats 

were sacrificed 3 days later. The right side was used as control. Samples obtained from 

the right side constituted the non-extraction group. The root apices of the experimental 

and control samples were compared using fractal analysis. 
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Histology and Immunohistochemistry 

The PDL-bone interface was localized by routine hematoxylin-eosin staining 

(Figures 12, 13). The osteoblasts and the osteoclasts along the PDL-bone interface were 

localized by the modified avidin-biotin peroxidase technique ( Hsu et al., 1982; Borke et 

al., 1987) using antibodies against osteocalcin (Biodesign Int, Maine) and tartrate 

resistant acid phosphatase (TRAcP) (Zymed Lab Inc, San Francisco, CA), respectively. 

The paraffin sections on aminoalkysilane coated slides were deparaffinized in limonene, 

rehydrated in descending concentrations of ethanol. Pronase reagent (Biomeda Corp, 

Foster City, CA), a proteolytic enzyme solution, was applied for 5 minutes at room 

temperature to unmask fixative cross-linkages on tissue sections. Endogenous peroxidase 

activity was blocked by incubation with 0.3% hydrogen peroxide for 5 minutes. Normal 

horse serum (Vector Lab, Burlingame, CA) was used as blocking agent. Sections were 

exposed to dilutions of the primary antibody for I hour. The primary antibody used was 

mouse anti-human osteocalcin (1:25 dilution) and mouse anti-human TRAcP (1:100 

dilution) for an hour. After sections were washed in PBS, they were incubated for 30 

minutes in a I :200 dilution of secondary biotin-conjugated horse anti-mouse IgG 

antibody (Vector Lab). H202 was reduced by the peroxidase in the immobilized avidin

peroxidase complex (ABC reagent, Vector Lab, Burlingame·, CA), in the presence of 

diaminobenzidine tetrahydrochloride (DAB). This produced a brown coloration over 

sites of the osteocalcin and TRAcP antibodies binding to osteoblasts and osteoclasts, 

respectively. The tissue sections were counterstained with Mayer's haematoxylin and 
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then dehydrated in ascending concentrations of ethanol to xylene, and coverslipped with 

Perrnount. 



Figure 12. H & E section of a mesiolingual root of a maxillary first rat molar. 

Figure 13. Tracing of the PDL-bone interface of the same section shown in Figure 12. 
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Fractal Analysis 

The Image Tool program (University of Texas Health Science, San Anotonio, 

TX) was used to scan individual root images for the first and second maxillary molars 

(Figure 12). Scion Image (Scion Corp, Frederick, MD) was used to draw the 

corresponding PDL-bone outlines (Figure 13) and outlines were converted to black and 

white images and saved as bitmap files (Figure 14). The Benoit Fractal Analysis 

Program was used for fractal analysis. The box-dimension method was used to calculate 

the fractal dimension. In this method, the image is covered by a non-rotating square grid 

and the size of the squares is reduced progressively. A non-rotating grid was used since 

the outlines were non symmetric. For each box size, the number of squares containing 

the outline is counted. A graph of the inverse of the box size versus the log of the 

number of outlines containing the squares is obtained. The slope of the graph is the 

fractal dimension (Figure 15). The parameters were consistent throughout the study. 



Figure 14. Outline of the PDL-bone interface used to estimate the fractal dimension. 

Figure 15. Log of box side length versus Log of number of occupied boxes. The slope 

of the line is the fractal dimension. 
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Statistical Analysis 

Continuous force study 

A repeated measures nested analysis of variance was used to determine 

differences in fractal dimension between different roots of the same teeth and between 

the same root of different teeth, among the experimental and control groups. 

The analysis of the effect of orthodontic force was performed on the maxillary 

first molar mesiolingual and distobuccal roots, to represent the lingual and buccal sides 

respectively. 

Cyclic force study 

A repeated measures nested analysis of variance was used to determine 

differences in fractal dimension and bone fragment counts between the experimental and 

control groups and within root comparisons for the cyclic force study. 

To examine differences between groups post hoc tests were performed using a 

Bonferroni adjustment to an alpha level equal to 0.05. 
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Viscoelastic creep study 

Specific Aim # 4 

Preparation of samples 

· Seventeen Sprague Dawley (Harlan, Indianapolis, IN) retired breeder rats were 

used in this study. The rats weighed between 250-300 g and were maintained on a pellet 

rat diet and water ad libitum. The Committee for Care and Use of Laboratory Animals at 

Medical College of Georgia approved the animal protocol. Each rat was anesthetized 

with an intramuscular injection of Ketamine (100 mg/ml), Xy1azine (20 mg/ml) and 

Acepromazine (1 0 mg/ml) and sacrificed by cervical dislocation. The alveolar bone and 

molars were isolated from the maxillae, to yield two specimens per rat. 

A small circular depression in the lingual enamel surface of the maxillary first 

molar was made using a slow speed dental handpiece with a fine diamond bur (Bluwhite, 

Kerr Corporation, Glendora, CA). The cut surface of the alveolar bone was bonded to an 

aluminum well with a viscous cyanoacrylate cement and kept in Dulbecco's Modified 

Eagle's Medium (DMEM) (Invitrogen Corporation, Grand Island, NY) at 25°C to 

maintain cell viability. 
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Periodontal ligament creep measurements 

The creep-like behavior of the PDL was measured in a modified Thermal 

Mechanical Analyzer (Perlin-Eimer, Model TMS-2, Wellesley, MA) (Figure 16). An 

adjustable stage holding an aluminum well was placed below a quartz rod and this was 

connected to a LVDT (linear variable differential transformer). A flattened 0.3 mm 

diameter stainless steel needle was attached to the quartz rod and served as a contact 

probe (Figure 16). A pan attached to the top of the quartz rod was loaded with weights 

during the course of the experiments (Pashley et al., 2003). The combined weight of the 

empty pan, rod and the probe were 1.1 g. Data were sampled every second for the 

duration of the experiment. 

The maxilla was oriented such that the buccal cortical plate was oriented down 

and the lingual enamel side of the first molar faced upward to receive the probe (Figure 

17). The probe was carefully guided into the depression created on the lingual enamel of 

the first molar. Strain-time curves were generated for the following several loading 

protocols: 50 g for 6 hr, or sequential loading from 2, 5, 10, 20, 30, 40 and 50 g on the 

maxilla by application of weights to the pan on top of the contact probe of the L VDT. 

Each weight was applied for 15 minutes. Experiments were also done in the reverse 

order of loading, i.e. from 50 g to 2 g, using the low weights 2, 5 and 10 g and high 

weights from 20 to 50 g. The weights were applied for 15 minutes and taken off for 5 

minutes. This allowed time for recovery. 



Figure 16. Schematic drawing of how a Thermal Mechanical Analyzer (TMA) 

was used to measure change~ in the position of rat molars during 

application of tipping forces, in vitro. 

Figure 17. Rat first molar in the maxilla. Note the exaggerated PDL and the 

positioning of the contact probe on the lingual enamel of the tooth. 
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Sodium azide (0.2 wt %) was added to DMEM to kill the cells in one of the specimens 

for 5 hrs, and the experiment was repeated with high loads (20, 30, 40 and 50 g). 

During the course of all of the experiments, the specimens were completely 

covered with Dulbecco's Modified Eagles Medium (DMEM) at 25°C. 

Bone creep measurements 

After removing the attached gingivae, the cortical plates of the maxilla were 

removed using a low speed saw (Isomet Buehler Ltd, Lake Buff, IL) to expose the 

underlying alveolar spongy bone. The exposed spongy bone regions were approximately 

9.8 mm long, 2.3 mm wide and 1.2 mm thick. The x-y microscope stage holding the 

specimen well was adjusted to place the contact probe onto the surface of the alveolar 

spongy bone close to the first molar root on the lingual side, and weights were added to 

the weight pan in the increasing order from 2 g to 50 g. Strain-time curves were 

generated and then compared to curves obtained from the intact maxillae (i.e. to maxillae 

with intact cortical bone). 

Histology and Fractal Analysis 

All the specimens obtained from the creep studies were decalcified, and sections 

were obtained which were stained by H&E. Fractal analysis was done for the root apices, 

as described previously. 



RESULTS 

Specific Aim #1 

Continuous force experiments 

Fractal Analysis 

Fractal analysis can be a useful tool to quantify the irregular PDL-bone interface. 

The normal fractal dimension (control) at the root apices (apical one-fifth) was calculated 

for all the five roots of the first molar and four roots of the maxillary second molar. 

Roots of the maxillary molars show some variation in fractal dimension. The fractal 

dimensions of the three mesial root apices of the rat maxillary first molar were almost the 

same (1.01, 1.01, 1.02). The mean fractal dimension for the two distal root apices (1.03, 

1.04) is higher than, but not significantly different from the mesial counterparts (Figure 

18). Similarly, the mean fractal dimension for the distal root apices of the second molar 

(1.03, 1.04) is higher than but not statistically different from that of the mesial root apices 

(1.01, 1.02)(Figure 19). The significance value was set at p<O.OS. 

Following application of the orthodontic force, the PDL-bone interface showed a 
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significant increase in fractal dimension at the root apices of the first molar as compared 

to the second molar. Since the spring was applied only to the first molar, the fractal 

dimensional change was localized to the tooth receiving the external force. A 0.5 N force 

caused a significant increase in the fractal dimension as compared to the control and the 

O.IN force (p<0.05) (Figure 20). This suggests that the fractal dimensional change is 

proportional to the magnitude of the applied force. No significant differences in fractal 

dimension were noted at the PDL-bone interface of the unmoved second molar between 

the experimental (O.IN and 0.5N) and control groups (p>0.05) (Figure 21). 



Figure 18. Fractal dimension of control teeth measured at the apexfapicall/51h) of 

the rat maxillary first molar (n=8, p>O. 05). No significant differences were 

seen. 

Figure 19. Fractal dimension of control teeth measured at the apex (apicall/5'"} of the 

rat maxillary second molar (n=8, p>0.05). No significant differences were 

seen. 
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Figure 20. Statistical analysis of the fractal dimensional change at the PDL-bone 

interface between the experimental (O.JN and 0.5N) and control groups for 

the maxillary first rat molar. (p< 0. 05, n=8). Significant differences were 

seen between the control and 0. 5 N force group and between 0.1 N force 

and 0. 5 N force groups. 

Figure 21. Statistical analysis of the fractal dimensional change at the PDL-bone 

interface between the experimental (O.JN and 0.5N) and control groups for 

the maxillary second rat molar. {p> 0. 05, n=8). No significant differences 

were seen. 
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Immunohistochemistry 

Immunohistochemistry showed localization of osteocalcin in osteoblasts from 

control and experimental groups using an anti-osteocalcin antibody. Immunolocalization 

of TRAcP was also seen in osteoclasts from both control and experimental sections using 

anti-TRAcP antibody. No differences in localization pattern were seen between the 

control and experimental groups with either antibody (Figure 22, 23). 

Cyclic force experiments 

Fractal Analysis 

Our results indicate that the overall mean fractal dimension of the rat maxillary 

first molar with cyclic loading (50 g for 5 min, 5 times a day for 4 days) was significantly 

higher than the control group (p=0.0001) (Figure 24). The fractal dimensions of the 

mesial, mesiobuccal, mesiolingual, distobuccal, and distolingual roots were 1.08, 1.00, 

1.08, 1.08 and 1.06 respectively for the cyclic loaded samples. 



Figure 22. Immunolocalization of osteocalcin in control and experimental 

specimens of the mesiolingual root of the rat maxillary first molar in 

response to continuous 0. 5 N force for 6 hours. 
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Figure 23. Immunolocalization of tartrate resistant acid phosphatase (l'RAcP) in 

control and experimental specimens of the mesiolingual root of the rat 

maxillary first molar in response to a continuous 0. 5 N force for 6 hours. 
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Figure 24. Overall mean fractal dimension of the rat maxillary first molar at the PDL

bone interface with cycling loading was significantly higher than the 

control groups (n=8, p=O.OOOJ) 

Figure 25. Fractal dimension of individual roots of the maxillary first molar. The 

mesial (M), mesiolingual (ML), the distobuccal (DB), and the 

dis to lingual (DL) roots from the cyclic force group had significantly higher 

fractal dimension than the control group. However no significant 

differences were seen for the mesiobuccal (MB) group. (n=8, (p=O. 0001) for 

mesial, mesiolingual and distobuccal, (p=O. 0002) for distolingual roots. 
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The control specimens showed fractal dimensions of 1.01, 1.00, 1.01, 1.02 and 1.03 for 

the mesial, mesiobuccal, mesiolingual, distobuccal and distolingual roots respectively. 

Within root comparisons showed that the cyclic group had significantly higher mean 

fractal dimension than the control group in the mesial (p=O.OOOI), mesiolingual 

(p=O.OOOl), distobuccal (p=O.OOOl) and distolingual (p=0.0002) roots. There was, 

however, no difference in fractal dimension between the control and experimental groups 

for the mesiobuccal root." (Figure 25) 

Tissue sections prepared for histology also revealed fragments of bone appearing 

as islands within the PDL. (Figure 28). These fragments exhibit morphologic features 

ranging from intact bone to bone invaded by the surrounding fibroblasts. Overall bone 

fragment counts in cyclic loaded samples were found to be higher in comparison to 

control samples, but the difference was not statistically significant (p=0.0590) (Figure 

26). The same was true when the analysis was broken down into comparison of 

experimental and control groups for each individual root. In particular, the mesiolingual 

root did not show a difference in the number of bone fragments between experimental 

and control samples. (Figure 27). 

Immunohistochemistry 

Immunohistochemistry showed localization of osteocalcin in osteoblasts from 

control and experimental groups using an anti-osteocalcin antibody (Figure 29). 

Immunolocalization of TRAcP was also seen in osteoclasts from both control and 
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experimental sections using anti-TRAcP antibody (Figure 30). Increased osteoclastic 

activity was seen in tbe cyclic experimental group as compared to the control. 



Figure 26. Cyclic loading specimens had higher number of bone fragments in 

PDL than control specimens. (n=8, p=0.059) 

Figure 2 7. Specific comparison of individual roots showed that with the 

exception of the mesiolingual (ML) root, the mesial (M), 

mesiobuccal (MB), distobuccal (DB), and distolingual (DL) roots had 

higher number of bone fragments in cyclic versus control specimens. 

However, they were not statistically significant (n=8, p>O. 05). 
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Figure 28. H & E sections showing bone fragments in response to cyclic loading. 

The morphology of the fragments varied from intact bone (stage I) to bone 

being invaded by surrounding osteoclasts (stage II. Ill} and dissolution of 

the fragments (stage IV). 
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Figure 29. /mmunolocalization of osteocalcin in control and experimental specimens 

of the mesiolingual root of the rat maxillary first molar in response to a 

cyclic 0.5 Nforce on for jive minutes and then off for jive minutes, jive 

times a day for four days. 
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Figure 30. Immunolocalization of tartrate resistant acidphosphatase (l'RAcP) in 

control and experimental specimens of the mesiolingual root of the rat 

maxillary first molar in response to cyclic 0. 5 N force on for jive minutes 

and then off for jive minutes, jive times a day for four days. 

(Higher magnification used to show the osteoclastic activity). 
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Specific Aim # 2 

Regional fractal analysis study 

The distobuccal and mesiolingual roots of the maxillary first rat molar were 

selected for the regional study to represent the buccal and lingual sides, respectively. In 

control specimens, the fractal dimension was found to be lower along the apical third of 

the root than along the other two-thirds possibly due to more constraint at the apex 

(Figure 31 ). However, none of the differences were statistically significant (p>O.OS). No 

significant differences were seen between the apical, middle and cervical third regions for 

the experimental specimens (p>O.OS) (Figure 32). 

Forces exerted on the tooth caused an increase in fractal dimension along the 

entire root length as compared to the control specimens. The fractal dimension at the 

PDL-bone interface of the mesiolingual and distobuccal roots were significantly 

increased when orthodontic force was applied (0.5 N) as compared to the control groups 

(p<0.0055) in the apical and middle third region (Figure 33). The apical (0-250 llm), 

middle (250-500 !liD) and cervical third (500-750 llm) showed significant differences 

between the control and experimental groups for the distobuccal root. Similarly, 

significant differences were seen between the apical, and middle third regions of the 

mesiolingual root but not the cervical region (p<O.OS) (Figure 34). 



Figure 31. Regional fractal dimension along the distobuccal and mesiolingual roots 

rat maxillary first nwlar in control group (n=8, p>O. 05). 

Figure 32. Regional fractal dimension along the dis to buccal and mesiolingual roots 

rat maxillary first molar in the experimental (0.5N) group (n=8, p>0.05). 
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Figure 33. Comparison of regional fractal dimension. along the maxillary first rat 

.' 

molar in control versus experimental (0.5N) specimens/or the distobuccal 

root (n=8, p<0.05) 

Figure 34. Co.!J!parison of regional fractal dimension along the maxillary first rat 
I 

molar in control versus experimental (0.5 N) specimens for the 

mesiolingual root (n=8, p<0.05). The cervical third (500-750 pm) do(!s not 

show any significant changes (p>O. 05). 
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Specific Aim # 3 

Extraction study 

Post-hoc tests showed that within the extraction side (left) group, the mesiobuccal 

root had significantly lower mean fractal dimension than all other roots (p=O.OOOl for 

each pair-wise comparison. In the non-extraction side (right) group the mesiobuccal root 

had significantly lower mean fractal dimension than all other groups (mesial p=0.0009, 

mesiolingual p=O.OOOl, distobuccal p=O.OOOl, and distolingual p=O.OOOl). There were 

no significant differences in fractal dimension between roots in the control group. Within 

root comparisons, the extraction group had significantly higher mean fractal dimension 

than the control group, in the mesial (p=0.0002), mesiolingual (p=O.OOOl), and 

distobuccal (p=O.OOOl) roots. The non-extraction group had significantly higher mean 

fractal dimension than the control group in the mesial (p=O.OOOl), mesiolingual 

(p=O.OOOl), distobuccal (p=O.OOOl) and distolingual (p=O.OOOl) roots. The extracted and 

non-extracted groups were not significantly different from each other in any root (Figure 

35). 



Figure 35. Statistical analysis showing changes in fractal dimension between the 

extraction, non-extraction and the control groups (n=8). 
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Specific Aim # 4 

Viscoelastic creep study 

The strain-time curves obtained by compressive loading of the lingual crown 

essentially showed five characteristic regions as seen in Figure 36. I. Instantaneous 

displacement: On application of a compressive load, an instantaneous negative 

displacement of the contact probe was seen due to compression of the elastic component 

of the periodontal ligament and the restrainrnent of development of tensile strain on the 

other side of the roots. When this instantaneous compression stopped, the probe 

continued to show a slow negative strain even though the compressive stress remained 

constant. 2. Primary creep: Rapid negative strain under a constant compressive strain is 

defined as primary creep. 3. Secondary creep: The linear portion of the negative 

displacement curve represents creep. It extends from the end of the primary creep curve 

to the point when the compressive load was removed. 4. Instantaneous recovery: When 

the compressive load is removed, the tissue recovered some of its displacement, but not 

completely. This immediate recovery can be attributed to the elastic behavior of that 

portion of PDL under tensile load (Figure 36). 5. Slow recovery: The tissue slowly 

recovers most of its initial displacement, but a slight unrecoverable displacement 

remains, which is known as plastic deformation. 

When the specimens were subjected to increased loads 2, 5, 10, 20, 30, 40, 50 g, 

the strain-time curve showed all the above mentioned regions, and plastic deformation 

was seen for every added load (Figure 3 7). Therefore, the baseline for any particular load 
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was always lower than the previous one. The slopes of the secondary creep region of the 

curves gradually increased as heavier weights were added up to 20 g. Further increase in 

compressive load decreased the rate of secondary creep. 

Weights added in the reverse order from 50 g to 2 g, showed the same time

displacement curve for each load, however, the slopes of the secondary creep region of 

the curve gradually decreased with lower weights (Figure 38). 

The creep rate was low when a 50 g weight was added for 6 hrs, but the initial 

displacement (180 11m) obtained was similar to the fmal displacement obtained with the 

increased weights at 50 g (Figure 39). However, the tissue did not recover much of its 

initial displacement. 

When the low loads (e.g. 2, 5, 10 g) were applied, they showed the same behavior 

initially, but a much straighter slope was seen when the 2 and 5 g weights were added 

later (Figure 40). 

To rule out any order effects, we alternated the lowest and the highest loads. An 

initial 2 g or 50 g weight when added showed the same creep ,like behavior, but the 2 gm 

weight added later did not show any creep. The 50 g load however produced the same 

results under both conditions (Figure 41 ). 

When high loads (20, 30, 40 and 50 g) where applied, the same characteristic 

creep-like behavior was seen (Figure 42). Sodium azide (final concentration of0.2 wt %) 

was added to the DMEM for 5 hrs to kill the cells, then the same loads were applied. The 

same pattern of the strain-time curve was obtained except that displacements increased 

due to the previous history ofloading (i.e plastic deformation) (Figure 42). These 



Figure 36. A typical time-displacement curve showing the jive characteristic regions 

of the load-displacement behavior of rat first molars. I. instantaneous 

displacement 2. primary creep 3. secondary creep 4. instantaneous 

recovery 5. slow recovery. Note the lack of complete recovery due to 

plastic deformation. 
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Figure 37. Load-displacement response of a first molar of a single specimen of the 

whole maxilla to increased loads (2, 5, 10, 20, 30, 40, 50 g). Note the 

lack of recovery ofthe specimen height when the load was removed. 

Arrows pointed down indicate when load was applied. Arrows pointed up 

indicated when the load was removed. 
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Figure 38. Load-displacement response of a first molar of a single specimen of the 

whole maxilla with reverse loads (50, 40, 30, 20, I 0, 5, 2 g). Note that 

there was progressive decrease in the slope of the lines with decreasing 

loads. 
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Figure 3 9. Load-displacement response of a first molar of a single specimen of the 

whole maxilla loaded with a 50 g weight for 6 hrs. Not 180 pm displacement 

that occurred when the load was applied and the lack of recovery at the end 

of the 6 hour time period. 

Figure 40. Load-displacement response of a first molar of a single specimen of the 

whole maxilla with low loads (2, 5, 10 g). 
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Figure 41. Load-displacement response of a first molar of a single specimen of the 

whole maxilla with alternate loads (2 g and 50 g). Note the expanded y 

axis scale. The slope of the line for creep-like behavior in response to 2 g 

was greater during the first application than on subsequent applications, 

although the responses to 50 g loads seem similar. 
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Figure 42. Load-displacement response of a first molar of a single specimen of the 

whole maxilla with high loads (20, 30, 40, 50 g). The same experiment was 

repeated after adding 0.2% sodium azide to the DMEM (dotted curves). 

The displacements and creep-like behavior were similar before and after 

sodium azide treatment. 
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Figure 43. Load-displacement response of a first molar of a single specimen of the 

whole maxilla dried overnight and then loaded with increased loads (2, 

5, I 0, 20, 30, 40, 50 g). Note the expanded scale on y axis scale. 
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Figure 44. Load-displacement response of a first molar oj a single specimen of the 

whole maxilla with increased loads (2, 5, 10, 20, 30, 40, 50 g) (lower 

curve). Note that the slope of the creep-like behavior of the toothftll as 

more cumulative displacement took place. Load-displacement response 

of a single specimen of spongy bone near the first molar with increased 

loads. 

(2, 5, 10, 20, 30, 40, 50 g) (upper curve). Negligible creep was seen with 

the bone specimen as compared to the whole maxilla. 
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Although spongy bone exhibited a slight creep under a 50 g load, the highest load used in 

the study, the creep rated was only about 1-2% of that observed in the. PDL (Figure 44). 

Fractal Analysis 

Fractal analysis of the roots used for the creep studies show increased fractal 

dimension at the root apices of the experimental specimens similar to the in vivo studies. 

The fractal dimension at the root apices of the low load and increased load 

specimens is similar to the fractal dimension at the root apices of the rat molars used in 

the cyclic force study (mesial 1.08, mesiobuccal 1.00, distobuccal 1.08, mesiolingual 

1.08, distolingual 1.06). The mesiobuccal root did not show any increase in fractal 

dimension, just like the in vivo experiments. 

The 50 g 6 hour loading cycle using the L VDT showed an increase in fractal 

dimension at the root apices of the rat molars similar to the continuous force studies 

(mesial 1.09, mesiobuccal 1.09, distobuccal 1.1, mesiolingual 1.1, distolingual 1.1 ). 

The mesiobuccal root showed an increase in fractal dimension, just like the in 

vivo studies. 



Table 2: Fractal analysis of the apices of the roots of the specimens used for the creep 

studies. 
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ROOTS 

Mesial Mesiobuccal Distobuccal Mesiolingual Distolingual 

Low Load 1.07 1.02 1.13 1.08 1.06 

Increased Load 1.12 1.00 1.09 1.08 1.06 

Reverse Load 1.03 1.00 1.07 1.03 1.03 

50 g 6 hours 1.08 1.09 1.10 1.10 1.08 

Table 2 



DISCUSSION 

This in vivo rat model demonstrates tissue response to mechanical loading as is 

seen in orthodontic tooth movement. We placed a miniature orthodontic spring between 

the maxillary first rat molars to exert the required force. The spring used in this study 

was custom made to fit each animal and was easy to construct and calibrate. It has been 

successfully used previously, and the most important advantage of this spring design is 

that it cannot be easily dislodged. 

When the spring is activated, it produced a "lateral" tipping movement of the 

upper first rat molars. The. tipping force produces two compression zones, one at the 

crestal region and one at the contralateral apical region and two tension zones opposite to 

the zones of compression. 

In this study, the possibility of the forces being transmitted to the midline suture 

was considered, however, this force is dispersed over a large area (1-2 em versus 2-3 

mm) for the first molar and the PDL, and is therefore negligible. 

74 
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Fractal Analysis study 

Continuous force application 

The biological response of the periodontal tissues enables bone to adapt to 

changes in its mechanical environment. Physiologic loading of the teeth or 

orthodontically-induced tooth movements involve remodeling of the periodontal 

connective tissue matrices (Reitan, 1959; Edwards, 1968; Ten Cate et al., 1976; Reitan, 

1994). The histological and biomechanical effects of orthodontic force application on 

PDL and bone have been described, (Reitan, 1959; Davidovitch, 1989; Yamasaki, 1989) 

however, the physical manifestations of the applied force at the PDL-bone interface have 

not yet been well documented. Fractal analysis can be a very useful tool to quantify these 

physical changes. It is well established that mechanical force leads to a more rapid bone 

remodeling in vivo (Rubin and Lanyon, 1985); however, knowledge of the exact force 

distribution along the tooth, periodontal ligament and the regulation of bone remodeling 

is limited. 

Remodeling in the periodontal ligament involve rapid synthesis and breakdown of 

matrix components, most notably the collagen fiber meshwork that stretches between 

cementum and bone. During remodeling, the 3-dimensional organization of the collagen 

fiber meshwork is adapted to accommodate the external loads applied on the tooth. So, 

mechanical loading as in orthodontic tooth movement, causes altered stresses in the 

periodontal ligament leading to a realignment of the collagen fibers along with the 

surrounding ground substance. Our studies suggest that this PDL remodeling in response 
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to force might manifest itself as increased complexity at the PDL-bone interface. This 

increased complexity can be measured in terms of fractal dimension. 

This is in line with the hypothesis that fractal dimension in sutures is a function of 

local stress pattern (Russell and Thomason, 1993). The higher the stress, the more 

complex the sutural morphology. No studies so far have linked fractal dimensional 

change at the PDL-bone interface to application of mechanical loading. 

We have shown that the increase in fractal dimension is localized to the the tooth 

receiving the mechanical load. This change at the PDL-bone interface maybe useful 

indicator of the regional direction and magnitude of physiologic and pathologic forces 

being transmitted from the tooth to the alveolar bone via the PDL. Since bone 

remodeling is closely associated with the intensity, direction and duration of the applied 

force, a better understanding of the specific mechanisms of mechanotransduction may 

provide a key to predicting how teeth respond to specific mechanical loading. 

No differences were seen in the localization patterns in immunohistochemistry 

studies between the control and experimental groups. No increase or decrease in the 

osteoblastic or osteoclastic activity was seen in the experimental group as compared to 

the control specimens. This negative finding further suggests that the observed change in 

fractal dimension is caused by a physical response of the PDL to loading, in contrast to a 

cellular one. Forces ranging from 0.4-0.6 N have been used in orthodontic literature to 

produce tooth movement. In our model we used a 0.1 Nand a 0.5 N force. The observed 

increase in fractal dimension on mechanical loading may be used as a physical parameter 

to assess biomechanical forces in tooth movement for an improved tissue response. The 

varied fractal dimensional response noted between the apical, middle and cervical third 
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on mechanical loading (between the control and the O.SN) could also help to explain the 

force distribution pattern .along the entire root in tooth movement. 

So what causes this change in complexity at the PDL-bone interface in response 

to a continuous force application? 

We believe that viscoelastic creep might be responsible for the increased fractal 

dimension and thus be an important mechanism involved in orthodontic tooth movement. 

That is, it represents the residual plastic deformation of the POL-alveolar bone 

interface of the stressed sites due to creep. 

Viscoelastic creep 

Water makes up about 60-80% of the wet weight of the ligament entrapped 

between ground substance (Embery et a!., 1995). It has been shown that most of the 

ground substance molecules tend to swell when encapsulated in a collagen matrix. They 

also exhibit viscous behavior due to their water content showing a resistance to flow 

under shear loading (Mow et al., 1984). 

The arrangement of collagen fibers in the ligament is not completely parallel. 

These fibers can sustain tensile loads mainly in one direction, but can bear small 

compressive loads in other directions as well. It is known that the mechanical properties 

of intact tissues depend on fiber orientation (Viidik, 1980), and that they may vary within 

limited areas of the tissue (Nilsson, 1982). The tensile strength of the ligament depends 

on the intramolecular covalent bonds and intermolecular hydrogen bonds between the 

alpha chains of collagen peptides. Like most soft tissues, the stiffness of the PDL 
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increased with increased loading. The fiber recruitment model can be used to explain this 

phenomenon. In this model, increased deformation causes an increased number of 

initially slack fibers to become taut and bear additional load. 

Teeth embedded in alveolar bone can serve as a lever when loads are applied to 

the crown (Christiansen and Burstone, 1969). Loads applied to the crown, perpendicular 

to the long axis of the root, can include compressive forces on the PDL on one side of the 

root, and tensile forces on the PDL on the other side. The contact probe on the LVDT 

measured a compressive displacement as the load compressed the PDL and squeezed 

fluid from blood vessels, lymphatics, hydrated glycosaminoglycans and from within and 

between the collagen fibrils. As the force compressed the PDL on one side of the root, it 

stretched the other side of the PDL by placing its collagen fibers in tension; When the 

load was removed, the crown of the tooth instantaneously recoiled back towards its 

original position, but it never actually reached that position. This "elastic recoil" was 

probably due to elastic energy stored in the stretched or tensile side of the PDL, and due 

to the tissue fluids rapidly diffusing back into the "dehydrated" glycosaminoglycan I 

collagen matrix on the compression side. 

After the instantaneous displacement with load application, there was further 

compressive displacement even though the load remained constant. Progressive strain 

elongation under a constant load is the definition of creep, and· it can occur in response to 

either tension or compression. Thus, it is theoretically possible that a portion of the 

observed creep that occurred in the portion of the PDL under compression, while tensile 

creep occurred in the portion of the PDL under tensile stress. Theoretically, similar 

tensile and compressive creep could be occurring in the adjacent alveolar bone (Cale and 
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Carter, 1989). However, the amount of creep in alveolar bone was trivial compared to 

the amount of creep in the PDL (Figure 43). 

The viscous response of the periodontal ligament is not recoverable when the load 

is removed. Thus, there was a fall in baseline with each successive load. We propose 

that when heavier loads were applied, most of the interstitial water was expressed from 

between fibers and the stress was borne solely by the collagen fibers. We speculate that 

the higher creep rate on increased loading is due to the viscoelastic properties of the 

collagen fibers and the water loss from collagen fibers via interfibrillar spaces. In 

Figure 37, the slopes of the load displacement curves (i.e. the creep) increased with load 

up to 20 g, but then decreased at higher loads. Similar results were obtained by Pashley 

et al (2003) using completely demineralized dentin matrices. They speculated that the 

creep values obtained at relatively low loads represented the collapse or compression of 

the three-dimensional collagen fibril meshwork. Once the fluid in the interfibrillar spaces 

has been squeezed out, the collagen fibrils became densely packed. The lower measured 

creep of 50 g of compressive load may represent the true creep of collagen molecules. 

In the current study, the maximum compressive displacement was about 180 11m. 

Histologic examination of the width of the PDL in rat maxillary first molar gave a mean 

value of 200 11m. Thus, the observed displacements were smaller than the thickness of 

the PDL. This indicates that changes in dimensions of the PDL can account for the 

observed displacements. That is, there is no need to invoke compression of alveolar 

bone. The observation that creep in alveolar bone was only 1% of that seen in the PDL 

provides additional support for the hypothesis that the observed changes were largely 

limited to the PDL. 
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When the loading order was reversed (Figure 38), beginning with 50 g and then 

decreasing to 2 g, the creep values fell progressively. These values are thought to 

represent creep of hydrated PDL. The maximum cumulative compression was only about 

60 J.lm. 

Due to compressive forces on one side of the PDL, some of the collagen fibrils in 

the PDL matrix on the opposite side, would be under significant tension. The 

mechanisms involved in creep are thought to include the following: On tensile loading, 

the hydrogen bonds holding collagen molecules into alpha helices elongate slightly with 

stretching. In addition, the gap region between the longitudinally adjoining molecules 

can also elongate slightly increasing the 67 nm periodicity to 69-70 nm, for instance 

(Sasaki et al., 1999). Finally, there is slippage of laterally adjoining molecules along the 

fibril axis (Sasaki eta!., 1993; Bowman et al., 1999; Sasaki eta!., 1999). The molecular 

stretching may allow some elastic recovery, but the molecular slippage due to 

compression or tension, would be permanent. Although covalent cross-links bind the 

adjacent collagen molecules together, some regions in these molecular aggregations 

permanently elongate on extemalloading (Yamauchi and Katz, 1993; Knott and Bailey, 

1998). Thus, when low loads are alternated with high loads (2 g alternated with 50 g and 

2 g and 5 g alternated with 10 g), no creep-like behavior is observed since most of the 

collagen fibers have already elongated and have been oriented in a particular direction 

(Figure 41 ). 

In biological tissues, water molecules cluster around all polar groups by hydrogen 

bonding. At the molecular level, water is a molecular lubricant. When water is 

evaporated from collagen, the functional groups on collagen peptides that were unable to 
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produce interpeptide hydrogen bonds can now do so, making the tissue very stiff. Drying 

of the collagen matrices caused increased stiffuess of the collagen fibers. The heaviest 

load applied (50 g) was insufficient to cause a change in the three dimensional 

distribution of the meshwork (Figure 43). Hence, no creep-like behavior was seen in 

dried PDL. In experiments where sodium azide was added to the cells to kill them, there 

was no change in the response of the periodontal ligament to mechanical loading. These 

studies, therefore suggest, that the connective tissue matrix of the PDL is primarily 

responsible for the characteristic creep-like behavior observed, and cell viability does not 

affect it. 

Creep causes permanent deformation of the collagen matrix. We believe that the 

tensile plastic deformation of the PDL unload alveolar bone on the tension side of the 

root, thereby stimulating osteogenesis on that side. Conversely, compressive plastic 

deformation on the compression side of the tooth may transfer more occlusal load to 

alveolar bone on the compression side, resulting in cyclic overstraining of alveolar bone 

and/or cracking (Figure 28), leading to osteoclastic bone resorption. Thus, viscoelastic 

creep may be an important mechanism in tissue remodeling in orthodontic tooth 

movement. 

This study was also designed to determine how much of the compressive strain 

and creep associated with tipping movements of rat molars was due to PDL versus 

alveolar bone. Due to bone having a much higher stiffness (ca. 1000 MPa) than the PDL 

(ca. 5 MPa), relatively high forces were applied (20-50 g). These forces induced strains 

that were of the order of 5-20%. Even if these strains are divided in half because the 

strain was compressive on one side and tensile on the other side, strains of 2.5% to I 0% 
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are not physiologic but may be orthodontically-relevant. Since the PDL is a ligament, 

these values can be compared to orthopedic research. Provenzano et al (2002) reported 

that tensile strains above 5.14% of rat medial collateral ligaments had a lower tangential 

. modulus and ultimate tensile strength (UTS). Strains below that value only increased the 

toe region of the stress-strain curves, but had no effect on Young's modulus or UTS. 

When we applied loads of 2 g, the strains were only about 3.5% in rat molars. These 

strains are closer to what probably occurs in the PDL during masticatory function. The 

fractal analysis studies of the specimens shows increase in fractal dimension just like the 

in vivo studies. 

Cyclic loading 

Very short exposures to mechanical signals have been known to stimulate bone 

remodeling (O'Connor et al., 1982; Rubin and Lanyon, 1984). Frequency and duration 

of the applied force are important parameters that regulate periodontal tissue remodeling. 

The periodontal tissues including the surrounding alveolar bone are known to alter their 

structure in response to intermittent or cyclic mechanical loading. However, the physical 

manifestations of the applied force at the PDL-bone interface have not yet been 

described. Fractal geometry provides a useful tool to measure these changes. The 

present study demonstrates the response of the PDL-bone interface to cyclic loading as is 

seen in orthodontic tooth movement. 

We have shown that continuous mechanical loading of the rat maxillary first 

molar causes an increase in frac~al dimension at the root apices. The results from this 
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study support the hypothesis that an increase in fractal dimension is a function of the 

local stress pattern (Russell and Thomason, 1993). The present studies show increased 

fractal dimension at the root apices of the rat first maxillary molar in response to cyclic 

force. All the roots except the mesiobuccal root show an increase in fractal dimension. 

This could be due to the fact that the mesiobuccal root was the shortest root in the rat first 

molar, and therefore loading of this root was not equal to the loading experienced by the 

other four roots. 

The histological sections also show fragments of bone appearing within the PDL 

space. These bony fragments were seen throughout the PDL and are not limited to the 

tension or compression areas. We believe that these bony fragments were pulled apart 

from the surrounding alveolar bone in response to excessive stresses during mechanical 

loading. These fragments were then scattered throughout the PDL space during 3-

dimensional remodeling of the PDL fiber meshwork. 

We speculate that remodeling within the bony islands is responsible for the 

structural variations. The sequence of events occurring is as follows: bony fragments are 

pulled apart from the surrounding alveolar bone into the PDL during cyclic loading. The 

surface of the bony fragments have exposed matrix growth factors that recruit osteoclasts. 

There is subsequent osteoclastic activity and fibroblast invasion at the site which 

dissolves the bony fragment thereby liber~ting more growth factors. Therefore 

morphological variations seen within the bony fragments indicate the stage of remodeling 

with intact bone being the most recent. 

The mesiolingual root, however, did not show a difference in the number of bony 

fragments between the experimental and control samples. A possible explanation could 
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be that this root was located at or near the point where the spring was placed and the 

force applied. This result suggests that this area may be more stable than the area 

surrounding the other roots (Christiansen and Burstone, 1969). 

We know that physiologic loading of the teeth or ortho.dontically-induced tooth 

movements involve remodeling of the periodontal connective tissue matrices (Reitan, 

1959; Edwards, 1968; Ten Cate eta/., 1975; Reitan, 1994). The appearance of bone 

fragments near the PDL-bone interface suggests that these are sites of micro fractures, and 

may represent an important new mechanism of mechanotransduction in orthodontic tooth 

movement. 

Extraction studies 

Enameloplasty was done on the lower second left molar to ensure that the upper 

first molar was free of any contacts during mastication and jaw movements. This may 

have permitted the maxillary first molar to extrude without any hindrances. We speculate 

that this phenomenon is responsible for the increased fractal root dimension at the root 

apices of the experimental maxillary first molar as compared to the controls. This study 

had two controls, the first being the right side maxillary molar of the same rat and the 

second being the left side maxillary molar of rats where the mandibular first molar was 

not extracted. Although no external forces were applied, the movement of the tooth in the 

downward direction was sufficient to cause changes in the fractal dimension. This shows 

that small changes in the PDL-bone environment too can be detected by fractal analysis. 
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Since the mesiobuccal root is the shortest root in the five root system, it showed 

practically no change in fractal dimension in the extraction or the non-extraction group as 

compared to the controls. Extrusion of the upper first molar from its socket wall caused 

changes in fractal dimensions at all the root apices, as compared to the control animals. 

Loss of first molar on the left side, could lead to increased intensity of masticatory 

forces on the right side (non-extraction side). So, increased force application would lead 

to increased complexity at the PDL-bone interface manifesting as increased fractal 

dimension at the root apices on this side, as compared to the extraction and the control 

specimens. 

CONCLUSION 

During mastication, teeth and surrounding periodontal tissues are subjected to 

relatively heavy intermittent forces. Clinically, heavy continuou, unbalanced, eccentric 

forces exerted against the tooth cause tooth movement. 

Mechanical stresses resulting from activation of an orthodontic appliance on teeth 

initiate a cascade of signal-transduction events finally leading to bone remodeling and 

tooth movement. These studies show that change in complexity of the PDL-bone 
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interface during mechanical stimulation is a physical manifestation of the regional plastic 

deformation that accrued following creep of the PDL early on in the cascade. This 

manifests as increased fractal dimension at the PDL-bone interface and this change is 

directly proportional to the magnitude (intensity) offorce applied. Viscoelastic creep and 

osteoclastic activity along with bone fragment formation are speculated to be the cause 

for the' increase in complexity at the PDLcbone interface in continuous and cyclic force 

experiments. 

The results obtained in this study provides a new physical parameter in force 

determination, which is extremely important for the process of bone remodeling and 

orthodontic tooth movement. 



SUMMARY 

In these studies, orthodontic tooth movement was simulated to test the hypothesis 

that mechanical stresses cause increase in complexity of the PDL-bone interface. This 

can be quantified using fractal analysis. 

A spring exerted a force of 0.5 N from the lingual to buccal direction against the 

upper first rat molars. Continuous, cyclic and extrusive forces were used to mimic 

various forces that are commonly exerted during tooth movement. 

The continuous force experiment had two controls, one was the control specimens 

and the second was the second molar in the experimental group. Since fractal dimension 

was increased only around the root apices of the first molar, we can conclude that this 

change in complexity is localized to the tooth that the force is being exerted on. 

The presence of "bone fragments" in various stages of dissolution, seen in the 

cyclic force samples, provides additional proof of remodeling at the PDL-bone interface 

which manifests itself as increased fractal dimension. 

Viscoelastic creep was speculated to be responsible for the increased complexity 

of the PDL-bone interface in continuous force application. The in vivo studies show that 

viscoelastic creep may, infact, be an important phenomenon in orthodontic tooth 

87 
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movement. 

All this data suggests that fractal analysis might be an important physical 

parameter, used for regional stress determination, in orthodontic tooth movement 
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