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THE EFFECTS OF CARBON-DIOXIDE LASER IRRADIATION ON THE
DENTIN.PULP COMPLEX OF THE RAT INCISOR

previous studies utilizing a carbon-dioxide laser on the dentin-pulp

complex (Lobene et.al. 1968; Kantola, 1973; Launay et'al. 1987), were conducted

in-vitro. The present in-vivo investigations were undertaken to examine

morphologic and functional changes in the lateral root dentin and associated

odontoblasts, subjected to carbon-dioxide laser radiation.
Fifty-nine male Sprague Dawley rats were randomly separated into four

rreatmenr groups: 10 co"i.ol (C); it sham-treated (S);19 low energy (52'6

Jlcm2); lg high energy (263.2 JlcmZ). All animals were anesthetized with

ketamine/x ylazine, intrãmuòcularily. The rrC'r animals received no further

treatment. The "Srr animals underwent full-thickness mucogingival flap

surgery only, exposing the lateral root dentin of the maxillary incisors. The

tow- an¿ hiÁh enèrgy 
-experimental groups also received a single pulse of laser

energy delivering éitn"t- Z Watts (Wl 50^ milliseconds (ms) yielding 52'6

Jl"rl2, o, tOW SOms yielding 263.2 JlcmZ (Sharplan 120 COZ laser, Laser

Industries Ltd.) of energy respectively. Sites were closed surgically, and the

animals placed on a soft ¿iêt fof 48 hours. Animals were sacrificed at t=0, 3 or 7

days. Tìssues were processed routinely for SEM, T-.M, TEM or RAG.

Definite morphological changes were observed in the affected dentin

and odontoblasts oi the high energy group, and more subtle changes were

noted in the low energy group. The surface architecture of the laser treated

dentin varied from losJ ol smèar layer, to dentin melting and crater formation

surrounded by a zone of necrosis and thermally altered tissues whose

dimensions were determined by the energy density used. Odontoblasts showed

Ioss of organelle integrity and mitochondrial vacuolizations' Dramatic

functional changes were noted in ttre 263.2 Ilcm2 odontoblasts such that grain

counts 153 5 -methionine), in the vicinity of, but not directly affected by the

laser, were significantly higher (p.01) than all other treatment groups'

Functional changes (when noted) in the 52.6 Jlcm2 grgup odontoblasts

resulted in signilcantly lower (p.01) grain counts than the rrSrr and rrCrr group

counts.
In conclusion, carbon-dioxide laser energy of approximately 50 JlcmZ

caused no significant morphologic changes in the odontoblast cell layer, and

the functional changes noted *"ie not conclusively different from the S and C

odontoblasts. Carbon-dioxide laser energy of approximately 260 Jlcm2 caused

disruption of odontoblast organelles, reparative dentin formation, and an up-

regulätion of odontoblasts in the vicinity of the laser lesion. However, even

a ãirect "hit" on the odontoblasts did not cause pulp death by 7 days post-lasing,

but initiated the secretion of reparative dentin, as early as 3 days' Further

studies will be needed to deteimine if these insults will cause long-lastittg

deleterious effects on the PulP.
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Research in the fietd of laser light energy began when

Theodore Maiman, in a now classic article in Nature (1960), reported

on the ruby laser he built while under the employ of Hughes

Aircraft. The first gas and continuously operating laser, a Helium-

Neon (He-Ne) type, was described by Javan et. al. (1961), and use of

the first Carbon-DioxideiNitrogen (CO2-N2) laser was reported by

Patel et.a]. (L964). Laser research in Dentistry throughout the 60's

and 70's was sporadic, with only a handful of researchers attempting

to find a substitute for the "dental drill". It wasn't until the late

1980's and early 1990's that Laser Dentistry became a clinical

reality, where it was, and still is, used more aS a tool to replace the

scalpel and electrosurge than as a dritl replacement. Research into

hard tissue applications for laser energy is still ongoing, but most

studies aÍe in-vitro, or use lasers that transmit their energy to

deeper structures like the pulp, or use high energy levels that we

now know aÍe not clinically feasible due to unsatisfactory intrapulpal

temperature increases.

The intent of this thesis is to address the aforementioned

concerns by presenting data from a series of in-vivo experiments

urilizing a continuous wave (CW) Carbon-Dioxide (CO2) laser applied

to the dentin of maxillary incisors in weight-matched Sprague

Dawley rats. However, before doing this, Some ground work must be

laid. A brief introduction to the structure and function of pertinent

dental soft and hard tissues will be presented, with particular

reference to how they respond to insult. A presentation of some

basic laser theory and physics will help one understand the



principles and properties of laser light energy. The applications and

types of lasers being used in dental research and clinical practice

today will be highlighted, and a historical literature review of the

current knowledge base on the soft and hard tissue effects of laser

energy will be presented. Finally, a discussion of autoradiography

and methionine metabolism will be presented as one way of

attempting to relate the potential morpholo gical changes in the

dentin and pulp, to functional changes in the odontoblast cell layer.

It is the hope of this author that the information presented

here will contribute to our understanding of the dentin-pulp complex

response to COZ lasing, an aÍea where very little is known

experimentally.



RtrVIEW OF THE LITERATURE

The following information on the structure and function

dental tissues is taken primarily from Ten Cate's 1989 textbook

Oral Histology, with supplementation from authors as cited.

Periodontium

The periodontium consists of alveolar bone, periodontal

ligament proper and cementum. The dentogingival junction is also

part of the periodontium, but will not be discussed.

Bone is a specialized mineralized connective tissue of

mesodermal origin. Thirty-three percent of bone is organic, with

25Vo consisting of type I collagen, 5Vo consisting of sialoproteins,

phosphoproteins eg. osteonectin, osteocalcin or BGP (bone glutamic

acid containing protein), and bone specific protein. The remaining 37o

is water. The 617o inorganic component is hydroxyapatite (HA)

Ca4lPO4J6IOHJ2. Common characteristics of all bones are as follows:

there is generally a dense outer sheet of compact bone, and a central

medullary cavity filled with either red or yellow bone marrow, rich

in either blood stem cells, or fat respectively. Bone forming cells, the

osteoblasts, are generally cuboidal highly active cells found on the

surface of bone. These are the cells responsible for the formation of

the osteoid, or unmineralízed bone matrix. Part of this bone matrix

consists of osteocalcin and osteonectin, which are responsible for

binding hydroxyapatite and denatured collagen, and therefore are

involved in maintaining calcium ion homeostasis. The cell

membranes of these cells aÍe also high in alkaline phosphatase

activity, the enzyme necessary for mineralization. As mineralization

of

of



progresses some osteoblasts become trapped, and are housed in

"lacunae" or spaces within the mineralized matrix. These cells have

many cytoplasmic extensions that connect with other osteoblasts via

the canaliculi that join lacunae. The osteocyte maintains the vitality

of bone, aids in the control of calcium balance between the blood and

the bone, and their number is largely determined by how fast the

new bone is laid down, i.e. bone undergoing repair has many more

osteocytes than mature bone. A third cell type, the osteoclast, is

present in remodelling bone. It is a multinucleated giant cell which

is responsible for the digestion or resorption of bone and is often

associated with the bone surface next to blood vessels. It rests in a

depression called Howship's lacuna. A cement or reversal line can be

seen under the light microscope as an intensely staining line

separating new bone from old bone.

Alveolar bone is formed intramembranously, i.e. it forms

directly within a connective tissue membrane. It often begins at

multiple sites that eventually fuse to form one sheet. This type of

bone formation is extremely rapid, and as a result it is very cellular.

Alveolar bone lining the tooth socket is referred to as "bundle" bone

as it is here that the bundles of periodontal ligament fibers pass

through on their way to the cementum. It's likely origin is from the

dental follicle. The tooth is constantly experiencing movements

within the socket due to masticatory and other forces. As a result,

the bone is in a constant state of remodelling. This plasticity of

bundle bone is also evident in the attachment status of Sharpey's

fibers within the bone. These fibers may: stop at the reversal line

between old and new bone; may be present entirely within new bone



and end in a granular material at the reversal line; may be found

entirely within new bone terminating within the matrix; or may be a

part of a continuum where old and new fibers aÍe joined by non-

striated fibrils, thought to be link proteins. Wound healing in bone

follows a similar path to that of any connective tissue. Once

hemostasis is achieved, neutrophils appear within a few hours. Their

prime function is to prevent infection by binding and destroying any

foreign antigens. Their numbers reach a maximum at about 24

hours. Macrophages enter the wound at about 48 hours, and are the

predominant inflammatory cell type at 5 days post trauma. They are

responsible for debriding the wound and removing any foleign

material or digested cell matter from the wound site. Once

completed, cells from the adjacent marrow (with osteogenic

potential) invade the clot, differentiate into osteoblasts and begin to

form bone.

The periodontal ligament is a fibrous connective tissue

whose functions aÍe to Support the tooth in the socket, absorb

mechanical forces of mastication and attach the tooth to the bone.

Nerve fibers originating in the periodontal ligament transmit

proprioceptive impulses to the brain and then back to the teeth to

aid in mastication. The fottowing cell types aÍe present in the

periodontal Iigament: osteoblast/clast, cementoblast/clast,

macrophages, undifferentiated mesenchymal cells, and fibroblast.

The latter cell type is responsible for the production of the

connective tissue matrix as well as the fibers of the periodontal

ligament. The fibroblast produces type I collagen as well as

oxytalan fibers, a variant of elastic fibers. The fibers of the



periodontal ligament aÍe arranged in bundles. Some of these bundles

contain fibers that become either partially or fully mineralized and

insert into cementum and bone, i.e. Sharpey's fibers. The fibroblast

is also responsible for the degradation of this tissue during it's rapid

remodelling. Like bone, the periodontal ligament is highly vascular.

As a result, when it is injured the repair process starts ' almost

immediately with neutrophils, and then macrophages cleaning up the

debris. Unlike bone, the proliferative response is derived from the

stimulation of fibroblasts. A scar is formed by the laying down of

type III and type I collagen. As a result of the proliferative nature

of the periodontal ligament, the type I collagen is instantly

remodelled and reorganized into fiber bundles. Occasionally, when

the wound is severe, the osteogenic cells of the marrow invade the

clot and ankylosis, or the fusing of bone to tooth occurs. In the case

of a clean incision in the gingiva, coincident with this connective

tissue response, the epitheliat cells loosen their attachments and

migrate over the healing wound, in Some cases as eatly as 24 hours

after the trauma.

Cementum is very much like bone. It is a specialized

mineralized connective tissue of mesodermal origin. However, unlike

bone, it is avascular, and does not have the ability to continuously

remodel. It receives it's nutrition from the periodontal ligament via

diffusion, and does remodel only when pathologic conditions are

present. It's function is to attach the collagen fiber bundles of the

periodontal ligament to the tooth. Fifty percent of cementum is

inorganic hydroxyapatite. There are two types of cementum; cellular

and acellular. Acellular cementum is a thin layer adjacent to the



dentin, whereas cellular cementum is generally found in the apical

one-third of the root. Cementoblasts aÍe the cells responsible for

forming all components of cementum, including the ground substance

and the type I collagen fibers known as intrinsic fibers.

Cementocytes are housed in lacunae and like bone, have cell

processes in cannaliculi. Odontoclasts are responsible 'for the

resorption of all the hard dental tissues including cementum.

Cementum is continually laid down throughout the lifetime of the

tooth, and sometimes layers of acellular and cellular cementum

alternate for no apparent reason. Because cementum is soft it can

easily be removed during routine scaling and root planing. Repair is

not possible in this instance. However, during orthodontic tooth

movement, a process of resorption and reapposition on the alternate

root surface does occur occasionally.

The Dentin-Pulp Complex

Dentin, like bone and cementum, is a specialized mineralized

connective tissue of mesodermal origin. Also, like cementum it is

avascular. For the most part innervation of the dentin has not been

shown, with the exception of the occassional intratubular non-

myelinated nerve found primarily in the coronal horn dentin in

intimate contact with the odontoblast process inside the tubule.

Anyone who has visited the dentist and not had the fteezing "take"

knows that dentin is a sensitive tissue. The explanation for this is

quite possibly three-fold. The dentin might contain nerve endings

that are directly stimulated; the odontoblast may serve as a receptor

that is coupled with nerves in the pulp; or the nature of the dentinal



tubule permits fluid movement to occur within it and thus stimulates

the free nerve endings in the subodontoblastic plexus in the pulp.

Dentin is formed from cells of the dental papilla that have been

induced to divide and differentiate by the inductive influence of the

internal enamel epithelium. The cells in direct association with this

layer become the odontoblasts, while the sister cells retain this

odontogenic capabitity and aÍe termed "subodontoblasts". These

cells are thought to be involved in odontoblast cell repair or

replacement following trauma. The "secretofy" odontoblast is

responsible for forming all the components of dentin, including the

glycosaminoglycans (GAG) ground substance and type I collagen

fibers. They aÍe rich in rough endoplasmic reticulum (RER), have a

prominent Golgi, and exhibit frequent junctional complexes and gap

junctions. They aÍe tall columnar cells oriented in a palisade

fashion. They aÍe polarized cells whose nucleus is adjacent to the

pulp, with the secretory pole at the opposite end. The initial

constituents of the ground substance are proteoglycans. These are

elaborated at the junction of the odontoblastic process and cell body.

The process is an extension of the cell cytoplasm that is left in the

dentin matrix as the odontoblast recedes pulpally during matrix

secretion. The next step, the elaboration of collagen precursors

follows the same pathway in the odontoblast as in the fibroblast.

Once outside the cell they aÍe oriented at right angles to the tubule,

or parallel to the impending dentinoenamel junction (DEJ). This

matrix is known aS "predentin" and appears lighter staining and

more acidophilic (with hematoxylin and eosin stain) under the light

microscope. The first formed dentin, mantle dentin, has very coarse



fibers that are oriented at right angles to the future DEJ. The ground

substance is mineralized through the elaboration of matrix vesicles

by the odontoblast process. These vesicles coalesce to form a sheet

of mineralized dentin. Occasionally these vesicles fail to fuse, leaving

an aÍea of unmineralized matrix known as interglobular dentin.

Primary, or physiologic dentin comprises the bulk of dentin, and

differs from mantle dentin, in that mineralization occurs through

crystal growth and seeding. Like bone, this inorganic phase is also

hydroxyapatite but makes up about J5Vo of dentin. As the predentin

becomes mineralized, and the odontoblast continues to retreat

pulpally, the process comes to lie within a hollow tubule surrounded

by mineralized matrix. The tubule is filled with dentinal fluid which

is primarily plasma proteins. At the mineralization front of primary

dentin, the odontoblast adds lipids, phosphoproteins, and y-

carboxyglutamate proteins to the organic matrix. At the same time,

the odontoblast process forms a mineralized matrix lining the inside

of the tubule. This is hypermineralized, and is called "peritubular"

dentin. The diameter of the dentinal tubule is greatest near the pulp.

Once the entire tooth is formed, the odontoblast resides in the pulp,

and will be discussed further with that tissue. Dentin continues to

be deposited throughout the lifetime of the tooth as "secondary"

dentin. Histochemically, secondary dentin shows less GAG and

therefore is probabty less mineralized, but appears histologically the

same as primary dentin. Secondary dentin is deposited at a. slower

rate than primary dentin. Tertiary, reactionary or "reparative"

dentin is formed in response to a stimulus, and is only formed by

those odontoblasts affected by that stimulus. It is formed quickly,
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and as a result, the odontoblasts are often trapped in the

mineralizing matrix, and the collagen orientation is haphazard. When

the stimulus is severe enough, and causes many cellular inclusions,

with an irregular tubular pattern, it is often called "osteodentin". For

the most part, there is no continuity between the reparative dentin

and the overlying primary and secondary dentin. This, therefore,

should decrease the dentin permeability and ultimately protect the

pulp. When a clinical dental procedure is undertaken which cuts

through the enamel and exposes the dentin, it is analogous to cutting

the epidermis of the skin and exposing the underlying dermis. As

such, the dentin and pulp should be regarded structurally and

functionally as a single complex.

The dental pulp is the soft connective tissue that supports the

dentin. Histologically it can be defined as four areas. The first, and

most peripheral layer, is the odontoblast cell layer already

mentioned. These cells are highly differentiated end cells that

cannot undergo further cell division. Below this, and most prominent

in the coronal pulp, is the cell free zone of Weil. This area is rich in

capillaries that belong to the subodontoblastic plexus. Unless

dentinogenesis is occurring, or the specimen is fixed by perfusion,

these peripheral capillaries aÍe not readily apparent. Also in this

zone is the subodontoblastic nerve plexus which is made up of the

terminal sensory branches of either the inferior or superior alveolar

nerves, or the sympathetic branches from the superior cervical

ganglion. The majority of myelinated axons are large diameter Aõ

fibers that are associated with the sharp localized pain experienced

when dentin is first exposed. AP fibers aÍe believed to be involved
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in mechanical, thermal, and tactile perception. The non-myelinated

small diameter C fibers are believed to be associated with dull,

diffuse pain. Adjacent to the cell free zone is the cell rich zoîe

whose cell body density is high. This is also called the

subodontoblast layer. Major cell types found in this aÍea ate the

fibroblast, and undifferentiated mesenchymal cells, as well as the

sister cells of the preodontoblast. The spingle shaped fibroblast can

be differentiated from the mesenchymal cells which af e large,

polyhedral with abundant cytoplasm and a" centrally placed nucleus.

The remainder of the pulp is called the pulp core, which is

characterized by the presence of major blood vessels, lymphatics and

nerves. In addition to the above cells, macrophages and T-

lymphocytes are present. Their role in the inflammatory response is

as discussed previously. According to Ten Cate (1989), one other cell

type is present in the dental pulp. It is yet to be named, but

performs a similar function to the Langerhan cells of epithelium, i.e.

capture and presentation of a foreign antigen to the T-cells for their

disposal. The Langerhan cell is a special macrophage located

primarily in the stratum spinosum, and originates in the bone

mafrow. It is involved in contact dermatitis reactions. The pulp

core is actually a loose connective tissue whose ground substance is

composed of GAG, hyaluronic acid, chondroitin sulfate, glycoproteins

and water. This ground substance supports the cells and acts as the

medium for the transportation of metabolites and nutrients to and

from the vasculature. Alterations in the composition of this ground

substance due to age or disease can cause metabolic changes within

the pulp, and irregularities in mineral deposition. Type I and III
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collagens are present in the pulp in a ratio of 55:45. The overall

collagen content of the pulp, as well as the ratio of type I to type III,

remains the same as the pulp ages normally. This is due to a

decreased rate of synthesis and degradation.

In addition to the "secretory" odontoblast, two other metabolic

states afe apparent through the use of the electron microscope. The

"resting" odontoblast, unlike the secretory odontoblast, is a flattened

cell with little cytoplasm. The Golgi zone is not evident, the nucleus

is centrally located and is inactive as evidenced by an inability to

distinguish between hetero- and euchromatin. Secretory granules

aÍe absent. The "transitional" odontoblast is a stage in between the

former two. It is characterized by a decreased number of

intracellular organelles. It is narrower, and its nucleus is displaced

from its basal position. The nuclear chromatin is condensed.

Fibroblasts aÍe found in the large numbers in the pulp. Their

function is to form, maintain, and remodel the pulp matrix when

stimulated to do so. The histology of the fibroblast, like the

odontoblast, reflects their functional status.

Age changes in the pulp can be chronologic changes, or

environmentatly stimulated ones. Chronologic age changes, in the

absence of pathology, would be characterized by such features as: a

decrease in total putp volume due to the continued deposition of

secondary dentin, decrease in putp cells; decrease in the number of

pulpat nerves; decrease in pulpal immunoreactivity for a specific

neurogenic growth factor (Byers et.al., 1990) while maintaining the

capacity for nerve sprouting found during inflammatory responses

(Swift and Byers, L992); the presence of dystrophic calcifications



13

within the pulp; reduced dentin permeability due to the continued

deposition of intratubular dentin, often resulting in total occlusion of

the tubules, and rendering the dentin brittle. This dentin is termed

"sclerotic". Age changes also lessen the ability of the dentin-pulp

complex to repair itself after trauma. Trauma, or noxious stimuli can

prematurely age the pulp. Noxious stimuli come in the form of

chemical, mechanical or thermal. Disease processes such as caries, or

an acidic restorative material applied to the caries free dentin can

potentially cause irreversible damage to the pulp and ultimate pulp

death. Sclerotic dentin may also be formed by the mineralization of

the decaying odontoblast process, or the deposition of

remineralîzation crystals (resulting from carious dissolution) in the

tubule. This is pathologic sclerosis. Indirect mechanical pulp damage

perhaps from a traumatic injury, if severe enough and involving

enough of the pulp, can cause pulp death. Direct mechanical pulp

damage from a pulp exposure, as long as the repair potential of the

pulp is good, and the exposure is small, will often heal by forming a

dentin bridge over the exposure. Here, afþt the initial stage of

hemostasis is complete, neutrophils followed by macrophages clean

up the damaged tissue. The proliferation stage occurs when

undifferentiated mesenchymal cells (or subodontoblast cells) afe

stimulated to differentiate into odontoblasts which eventually form

new dentin over the pulpal scar.

Thermal damage is of real concern to the Restorative Dentist.

Rotary instruments such as high speed dental drills require both

water and air cooling systems to prevent both dessication of the

dentin, and overheating. Zach and Cohen (1965) qualified this pulpal
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response histologically when they subjected the enamel of Macaca

monkeys to 2150 C for 5 to 20 seconds. They then measured the

intrapulpal temperature rise, in-vivo, and analysed the effects with

the light microscope. An intrapulpal temperature rise of 2.2o C

showed only minor changes in the odontoblast layer at 2 days, and

were indistinguishable from the control specimens at 1 days to 3

months. When the heat source was applied for 10 seconds, a

temperature rise of 5.5o C produced the following at 2 days.

Destruction of a majority of the odontoblasts. Large numbers of

aspirated odontoblastic nuclei were found within the dentinal

tubules. The predentin was reduced in thickness and the stroma was

edematous. In the aÍea immediately below the affected enamel,

there was a denaturation of dentin matrix and destruction of

dentinal tubules and processes. At 1 days, the stroma was

edematous, and the blood vessels near the odontoblasts were

intensely hyperemic. Macrophages could be seen engulfing debris.

By 14 days, the cell free zone was the site of intense cellular

proliferation as preodontoblasts believed to migrate from the cell

rich zone. New odontoblasts began to secrete the predentin matrix.

By 56 days, most pulps had successfully overcome the thermal

trauma, but the presence of " irritation dentin " and displaced

odontoblastic cell bodies remained to mark the thermal incident. The

bulk of the remaining pulp appeared normal. Several pulps of small

teeth however failed to survive. An intrapulpal temperature

increase of l1oc showed a similar pattern of inflammation, but more

exaggerated. At 2 days, in addition to the above, the predentin was

totally destroyed. At 1 days, some necrotic odontoblasts became
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trapped in the reparative dentin. At 14 days, this reparative dentin

appeared disorganized. By 56 days, the odontoblasts were fully

formed, and tubular dentin could be seen above them. The cell free

zone still had not returned to normal, the cell rich zone and

superficiat pulp was more metabolically active, and the deeper pulp

was mainly normal. By 9l days, normal predentin was being

formed, and the remainder of the pulp had resumed it's pretrauma

form. Five percent of the test teeth at this temperature responded

by forming a pulpal abcess and ultimate putpal necrosis. A 17oC

intrapulpal rise invariably caused irreversible inflammation

resulting in liquefaction of the entire pulp.

The response of the dentin-pulp complex to heat forms the

basis for it's responses to all noxious stimuli. It's ultimate repair is

dependant on the environmental age of the pulp, which is inversely

proportional to it's repair potential, and the intensity and duration of

the noxious stimulus. Exactly what stimulates the undifferentiated

mesenchymal cells to differentiate into odontoblasts is unknown.

Much debate in the recent literature has centred around the role of

a group of proteins known as transforming growth factor-p.

Osteogenic protein-1, also known as bone morphogenic protein-7 or

BMP-7, after being implanted in the pulps of rat molars, caused more

reparative dentin to form than the calcium-hydroxide controls, and

the amount was directly proportional to the amount of BMP-7

implanted (Rutherford, et.al. 1993). BMP genes may also be active

during tooth development (Lyons, et.aI. 1990), and BMP-like activity

can be isolated from dentin matrix (Mera, 1988, Bessho et.aI., 1990).
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These three observations suggest that BMP proteins could be

involved in this inductive role.

Enamel is the most highly mineralized tissue known consisting

of 967o mineral in the form of HA, and 47o organic material and water.

Structurally the mineral is tightly packed into long rod-like

structures, and the inter-rod substance is composed mainly of a

group of high molecular weight proteins called "enamelins". Enamel

is a non-vital, avascular, non-nervous tissue and as such is inert, and

incapable of repair. Yet, enamel that has lost mineral due to caries

can remineralize due to ionic exchange with the saliva. Enamel does

become less permeable with age, as the in'ter-rod substance

gradually decreases and the crystals become more tightly packed. It

also therefore becomes more brittle with age.

LASER THEORY AND PHYSICS

The word LASER is an acronym for Light Amplification by

Stimulated Emission of Radiation. The concept of "stimulated

emission" was first suggested by Einstein (\917), and is the principle

behind how the laser works. Spontaneous emission assumes that

excited atoms return to their ground state on their own accord, while

stimulated emission means that an excited atom returns to it's

ground state because it was stimulated to do so by the photon

released by another atom's decay. Before doing this, the stimulated

atom reaches yet a higher energy level, and has to release two

photons to return to it's resting state. These photons released by the

stimulated atom aÍe in the exact same phase (timing) as the photon

from the first atom (Brown 1969). Laser energy then is
electromagnetic energy in the form of photons whose energy can be
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explained by the formula E=hxf where h=Planck's constant and f=the

frequency or the wavelength of tight. It follows therefore that the

wavelength of light emitted by the photon would be dependant upon

the laser medium that is excited.

A basic laser system has the following components, a tube or

sealed cavity in which the laser medium of choice (gas or solid) is

placed. At one end of the tube is a fully reflective mirror, while at

the other end there is a partially transmissive mirror, and finally

there is the energy required to excite the atoms. The photons inside

the sealed cavity are reflected off the mirrors at many angles. Only

the photons that travel in a horizontal path toward the partially

transmissive mirror make up the Iaser beam itself, and only those

that afe at the level of the tube opening. The laser beam then, is

made up of tight energy of one wavelength (monochromatic), and

the waves aÍe in exactly the same phase both in time and in space

(temporal and spatial coherence). Due to these properties, laser light

is also collimated, that is, the beam does not diverge like the beam of

a flashlight (Brown 1969, Pick 1993). This beam of light once

outside the sealed cavity, can be focused through a lens to create a

focal spot or hot spot of peak energy. The distance from the source

of the beam to the focus point is called the "focal distance". At any

point beyond the focal spot the beam is said to be in "defocus mode",

and therefore delivers light at a lower energy. The total energy

delivered to a target tissue is also a function of time. Two modes of

beam delivery, continuous wave (CW), or pulsed wave (PW) can alter

the time component of energy transfer. Further to this, the CW mode

can be interrupted or "chopped" to mimic the PW mode of beam
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delivery, except that the peak power remains the same with each

lasing episode. 'Whereas, a higher power level can be delivered to

the target tissue for a shorter period of time in the pulsed mode, to

achieve a particular result. A CW beam may have to be kept on the

tissue longer to achieve the same result, risking surrounding tissue

damage.

GENERAL LASER/TISSUE INTERACTIONS

When laser light hits a tissue, it can be reflected, scattered,

absorbed or transmitted. Reflection of light occurs when the

wavelength of light emitted by the laser is different from that which

can be absorbed by the tnget tissue. Reflected light then, bounces

off the tissue, is directed outward, and may be a safety hazard for

the operator, surrounding objects or tissues. Reflection limits the

amount of energy that enters the tissue. If the wavelength of light

that is emitted is the same as one or more of the constituents of the

target tissue, then it will be absorbed. The absorbed laser energy in

any tissue is the sum of the absorptions of each of the tissue

components. A high degree of absorption limits scattering, which

occurs when light energy bounces from molecule to molecule within

a. tissue. If the energy travels beyond the boundary of the target

tissue, transmission is said to have occurred (Dederich 1993). Once

absorbed, this electromagnetic energy causes various interactions

within the target tissue and cells. The most common tissue

interactions aÍe either photothermal, photochemical or

photodynamic, photodisruption, or photoablation. The best known

photothermal effect (eg. CW-CO2 laser) is the vaporization of tissue

(splitting of water molecules by combustion) causing a translation of
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light into heat energy. Photochemical (dye or metal vapor lasers)

interactions directly affect the chemical and physical properties of

atoms and molecules without any thermal effect. Photodisruption

occurs by short pulsed (eg. Neodymium-Yttrium Aluminum Garnet or

Nd:YAG laser) and very high energy laser light. A plasma builds up

on the tissue, and causes a non-thermal high pressure explosion.

Photoablation (eg. pulsed COZ, Excimer lasers) causes molecular

bonds to split directly when bombarded with laser light of high

photon energies. Bonds are sptit in the former case by a single or

multi-photon stimulation, or by direct electron dissociation with the

Iatter laser (Frentzen and Koort 1990).
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The following tables exerpted from Frentzen and Koort's 1990

articl,e will outline the realm of applications of laser energy in

Dentistry today as well as the types of lasers employed, and their

place in the electromagnetic spectrum.

Applicatiotts

Basic resea¡ch
L¿ser-tissue interaciion
Technical development of applications of lasers in dentistry

Measu¡ement and diagnosis
Holography
Laser doppler flonmefry
Speckoscopy (caries diagnosis)

Oral and maxillofacial surgery
Cutting and coaguJation
Photody'namic therapy

Conservative dentistry
Preventive dentistry (fu sure sealing)
Caríes heaknent
Composite resin light curing
Tooth sulace conditioning

Endodontics
Root canal keatment
Apicectomy

Periodontics
laser scaling of affected root sufaces
Excision of gingival soft tissues

Analgesic effecfs and biostimulation
Stimuiation of r.r'ound healing
l-ow pon'er laser radiafion u'ith anaÌgesic effects

Possíble Iaø typæ

AI kypes

All rypes

HeNe, diodes
HeNe, diodes
Va¡ious Lypes

CO2, Nd:YAG, k, dYe

Dye, Au-Cu vaPour

CO2, Nd:YAG, rubY

CO2 Nd:YAG, Er:YAG, excimer
Ar; dye, HeCd
Excimer, CO2, Nd:YAG, Er:YAG

Nd,YAG, CO2, excimer
CO2, Nd:YAG

CO2, excimer
Coz

HeNe, diodes
Nd,YAG

Laser V\taoelmgth Mde
(nm)

CO, gooo-11 ooo CW, pulsed UP io looo
Er:Y.AG 2940 Pulsed UP to 10

Ho: YAG 27oo Pulsed Up to i0
Nd:YAG 1Oó4 + 13oo CW, pulsed UP to 5@
Diodes ó5O-95o Pu.lsed UP to 10

HeNe 633 CW UP to 0.08

Þyes AíO--IJOO CW, pulsed Up to 10

Ar ion 488+ 514 Cl{ UP to 30
Excimer 19O-J51 Pulsed UP to 1OO

Potoer

w
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Soft tissue laser surgeries such as frenectomies, gingivectomies,

gingivoplasties, tuberosity reductions, biopsies, and dental implant

exposure have become commonplace in the recent literature, and aÍe

accepted treatment modalities in clinical dentistry (Midda and

Renton-Harper 799L, Midda 7992, Pick 1993, Myers et. al. 1992,

Myers and McDanieI I99I, Walsh L992, Hattler et. al. 1992, Kardos

and Ferguson L991., Chomette et.al. 1991). However, laser use in

"Guided Tissue Regeneration" studies to enhance soft tissue

attachment in the periodontium (Rossmann et.al. 1992, Kutsch et.al.

7ggl, Trylovich et.al. 1.992, Arcoria et.al. 1992) and biostimulation of

wounds to enhance healing and decrease pain and post-operative

symptoms (Masse et.al. 1993, Yew et.al. 1989, Fernando et.aL 1993,

Roynesdal et.al.1993, In de Braekt et.al. 1991, Svensson et.al. 7992)

aÍe still experimental. The former application holds more promise of

a viable clinical treatment than the latter with it's conflicting results.

Laser use as a means of sterilizing dental instruments (Powell

and Whisenant 1997, Nammour and Majerus 7991), oral wounds

(Kaminer et.al. 1990), periodontal pockets (Cobb et.al. 7992),

suspensions or plated colonies of oral bacteria (Dobson and 'Wilson,

1,992, \ü/ilson and Mia 1993, Wilson et.al. 1993, Burns et.al. 7993, 7

Sarkar and Wilson L993, Stabholz et. al. 1993, Okamoto et.al. 1992)

has also received much attention in the literature. Similarily,

altering the physical properties of dental materials through the use

of laser light, has been investigated. Such techniques as, debonding

orthodontic brackets by breaking composite resin bonds, (Tocchio

et.al. 1993, Strobl et.al. 1992) or enhancing composite resin bonds by

curing them with an Argon laser (Powell et.al. 1989, Kelsey et.al.
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1989, 1991, Potts and Petrou1991, Hinoura et.al. L993, Blankenau

et.al. 1,991). The consistency of results from the latter studies could

make this application suitable for clinical use in the near future.

Of particular interest to the Restorative Dentist would be the

use of lasers as a diagnostic tool to measure blood flow through a.

tissue (primarily gingiva and pulp) such as with Laser Doppler

Flowmetry (Ingolfsson et.al. 1993, Vongsavan and Matthews 1.992(a)

& (b), 1993, Gilbert et.al. 1992, Watson et.al. 7992, Edwall et.al. 1981,

Gazelius et.al. 1986). Also of interest is the modification of hard

tooth structure to enhance restorative bonding or seal the surface of

enamel, (Yamamoto and Ooya 1974, Yamamoto and Sato 1980, Hess

1990, Von Fraunhofer et.al. L993, Melendez et.al. 1992, Arcoria et.al.

1997, 7992(a), Walsh and Perham 7991), or dentin (Cooper et.al.

1986). Effectively sealing the dentin will alter dentin permeability,

dentin sensitivity, or apical seal leakage following apical surgery

(OnaI et.a[. 1993, Stabholz et.al. 1992(a) 8L (b), 1993(a) &. (b), White

et.al. 1993, Gelskey et.al. 7993, Pashley et.al. 7992, Morlock et.al,.

1992, Neiburger 1992, Renton-Harper and Midda 1992, Rauhamaa-

Makinen et.al. 1991, Bonin et.al. 1991, Friedman et.al. 1991). The

vast majority of laser studies in the dental literature have used

either the Nd:YAG or the CO2 laser. The Er:YAG, Ho:YAG, and Excimer

class (GaAs, ArF, XeCl) of lasers have enjoyed more attention of late.

As it is not possible to discuss all lasers, our discussion will be

limited to the tissue effects of Nd:YAG and COZ lasers, with an

emphasis on the latter. Their effects on the following tissues will be

discussed: soft tissue, bone, enamel, dentin, and pulp.
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LASER EFFECTS ON DENTAL TISSUES

As discussed previously, when laser light strikes tissue, it carL

reflect, scatter, be absorbed or transmitted to the surrounding tissue.

The degree of absorption largely determines the extent to which

reflection, scattering and transmission will occur. Wavelength is the

primary determinant of absorption. The depth of penetration of

laser tight is measured by the "extinction length". That is the depth

over which 90 percent of the incident energy is absorbed in water.

The extinction length of the COZ laser (wavelength 9,000 to 11,000

nm) is .03 mm, while the Nd:YAG (wavelength 1,060 nm) laser is

60mm (Dederich 1993). Thus the COZ laser beam is highly absorbed

by water, having it's effect at the surface rather than deeper in the

target compound as a result of transmission and scattering. But,

tissue is not composed entirely of water. The extinction length of the

CO Z laser in soft tissue is actually less than .03 mm, and is about 1

to 3 mm for the Nd:YAG laser (Dederich 1993). The 9 to 11,000 nm

wavelength of COZ laser light is also strongly absorbed by dental

hard tissue as well as intra- and extracellular water. Dental hard

tissue has absorption bands in the 9,000 through 11,000 nm region

because of the apatite crystals (Featherstone and Nelson 1987). This

corresponds exactly to the wavelength of light emitted by the COZ

laser. It would seem logical that if one wanted to obtain a surface

effect on dentin, this would be the laser of choice! In fact Dederich

and Zakariesen (1984) showed that the effect of the Nd:YAG laser on

dentin is not reproducible, and varies according to the amount of

pigment found in the dentin. Photothermal reactions account for the

effects of CW-CO2 lasers on tissue, while for both PW and CW-Nd:YAG
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lasers, the surface effect is one of photodisruption, but the

transmitted effects are due to photothermal scatter and reflection of

laser energy (Dederich 1993). Further discussion will be confined

primarily to the COZ laser. This is the laser of choice for altering

dentin surface morphology, and the laser used in the investigations

to be discussed later.

Soft tissue effects

Luomanen et.al. (1987) conducted an in-vivo electron

microscopic and immunohistochemical study on rat tongue mucosa

comparing a scalpel wound with a" CO2 laser wound over the coufse

of 28 days. Their results are as follows. The immediate effect of the

laser, i.e. vaporization and carbonization, caused the structural

proteins in the tissue to denature and the adjacent small blood

vessels and lymphatic channels to occlude (Luomanen et.al. 1987).

At 6 hours post-operatively, the walls of the laser incision were

irregular. Epithelial detachment between the basal cells and the

laminin-containing Iayer of the basement membrane could be

observed at the margins of the laser wound. Type III collagen

(predominant in oral and granulation tissues) was especially distinct

in the connective tissue bordering the laser wound and necrotic

tissue was frequently seen. Fibronectin (a high molecular weight

glycoprotein found in basement membranes, extracellular matrix, on

cell surfaces and also in plasma) -containing clots were found at the

laser incision sites close to the blood vessels but not in the incision

proper. Whereas fibronectin was present in the scaplel incision

wound which clinically appeared inflammed and edematous. The

basement membrane appeared to be somewhat resistant to the laser
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incision according to electron microscope findings. Fourty-eight

hours post-operatively, initial re-epithelialization was evident in the

laser wound, whereas complete re-epitheliahzatîon had occurred in

the scalpel wounds. Complete re-epithelialization did not occur until

day 11 in the laser wound. Also at day 11, an increased amount of

fibronectin was detected at laser treated sites compared to the

scalpel incision sites, and type III collagen formation was found to

peak in both laser and scalpel wounds, but the return to normal was

somewhat slower in the laser wounds. This amount of fibronectin

returned to normal by day 28. It has been suggested that the slow

removal of necrotic tissue and slow replacement of tissue

components could account for minimal scarring and contraction in

laser-treated wounds (Luomanen et.al. 1987).

Kardos and Ferguson (1991) corroborated the above findings

with their study on sheep tongues. Chomette et.al. (1991) in a.

similar study on humans noted that electron microscopic examination

at 24 hours post-laser treatment showed a weak inflammatory

reaction, but an obvious stimulation of fibroblasts as evidenced by

the presence of numerous cell organelles. At day 4, this activity

continued, but the presence of myofibroblasts were absent from the

laser wound. They postulate that this could be one of the reasons for

minimal contraction and scarring of laser wounds during healing.

Rossmann et.al. (1992) used a COZ laser to attempt to retard

epitheliat migration in periodontal flap surgery in monkeys. They

noted intense fibroblast activity even 14 days post lasing, along with

a definite delay in re-epithelialization of the sulcular and junctional

epithelium.
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When dental pulp is treated with laser energy, the same type

of soft tissue reaction occurs initially, i.e. carbonization, sterilization

and coagulation of the wound. However, depending on the energy

dose, putp necrosis, partial necrosis with reparative dentin and

dentin bridge formation are seen to occur at 1 and 3 months after

lasing (Melcer et.aI., 1987).

Hard Tissue Effects

En amel

In 1964, Stern and Sognnaes applied a ruby laser to the enamel

surfaces of extracted human teeth and observed a "relatively

amorphous glazing or gtass-like fusion" along with cratering at higher

energy levels. Lobene et.al. (1968) using a CW-CO2 laser attempted

to seal the pits and fissures in the enamel of extracted teeth. The

resulting enamel appeared chalky, white and was surrounded by a

charred layer. It was hard, but brittle and flaked off easily with an

explorer. It also showed a generalized disruption of enamel rod

structure and an incineration of the inter-rod substance. Kantola

et.al. (L913) using a CW-CO2 laser showed that lasing enamel

produced a recrystallization and growth in crystallite size, and that in

addition to hydroxyapatite, X-ray diffraction showed the presence of

atpha-TCP, which is normally associated with temperatures of

approximately 1000oC. In 1972, Kantola while using the same laser

system as he used in 1913, found a change in the calcium and

phosphorus content of lased enamel, with the greatest reduction

present in the outer lased aÍea, and gradually increased to normal

levels deeper in the enamel. The above studies all used relatively

high energy densities (ED) of IO3 J/c^2 or greater. Energy density is
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the amount of energy applied

defined as:

w

t

r

to the tissue per unit area, and can be

Energy density =
,, 1

Jlcm' = W x t x l00/nr', where:

power (watts)

exposure time (secs.)

radius of beam on target tissue (Merritt 1991)

Nelson et.al. (1987) using a pulsed CO2 laser and low ED's of 10

- 50 Jlcm2 determined through infrared pyrometry that surface

temperatures of 800-1100 oC were produced on the lased enamel,

confirming Kantola's work in 1973, but using much lower energies.

Extensive surface roughening was noted near the center melt zone,

and the walls of the crater were smooth and gl,aze-Iike. It was

because of this surface roughening that Nelson postulated the

application of laser etching prior to bonding of enamel and dentin.

In addition to the above work, and using the Same laser system and

energy densities, Nelson et.al. (1987) analysed the enamel through

SEM, microhardness testing, polarized light microscopy and chemical

analysis. They found that the central melt zone although rough was

covered by a thin smooth fused surface Iayer. The melt zone was 5

micrometers in depth, with a 10-40 micrometer interaction zone

where there was compositional changes to the crystals. The phases

of enamel present on the lased surface were HA and tetracalcium

diphosphate monoxide, and the carbonate content of the enamel was

dramatically decreased. Microhardness testing showed that there
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was a decreased rate of subsurface demineralization of enamel,

which was energy dependant, and was postulated to be due to the

presence of TCP and tetracalcium diphosphate monoxide. Yet in

1986, Fowler and Kuroda determined that TCP was more soluble than

HA. This was also confirmed by Meurman et.al. 1992. Fowler and

Kuroda suggested that the decreased rate of subsurf ace

demineralization was due to the sealing of enamel irregularities and

pores.

So, even with relatively low energy densities, an alteration

the surface morphology, crystal size and composition can occur.

fact, Ferreira et.al. (1989) using a CW-CO2 laser found morphological

changes in enamel, presenting aS rough or cracked enamel near the

dentino-enamel junction (DEJ) only, using ED's as low as 1.5 llcm2.

This finding is also in keeping with that of Palamara et.al. (1987)

who noted that with enamel surface temperatures between 200-

400oC the enamel near the DEJ became positively birefringent, where

as that near the lased surface remained negatively birefringent. No

morphological changes were noted below .8 JlcmZ, and cratering was

observed using ED's as low as 5.3 I/cm2. Ferreira et.al. (1989) also

noted that the type of morphological effect was dependant on the

orientation of the enamel crystallites. Through transmission electron

microscopy (TEM) crazed (cracked) and rough enamel had crystals

that for the most part resembled unlased enamel. The crazed and

cratered enamel however, had significant ultrastructural changes

such as crystals that appeared either as poorly packed homogeneous

crystals with voids or heterogenous crystals with a different shape

and a larger size. These larger crystals aÍe in fact cr-TCP. The

in

In
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Iarger crystal size and the loss of prismatic structure may partly

explain the reduced rates of subsurface demineralization found with

lased enamel, whereas the amount of o-TCP present would account

for the surface softness.

The previous enamel studies were done in-vitro on extracted

teeth, and were concerned with "direct" effects. In 1993 McKee,

while working with the lower incisors of Wistar rats, exposed the

enamel organ and enamel to CW-CO2 laser energy, and also

observed the indirect effects of the laser on dentin and pulp. Using

densities of 153, 357, and 45g JlcmL, he delivered a single pulse of

energy for 100 ms duration, with a spot size of 500 micrometers, at

3, J , and 9 Watts of power. The results were analysed

morphologically by LM and TEM at 10 minutes, and 10 days post

lasing. Tissue damage to the enamel organ in the vicinity of the

defect consisted of ruptured ameloblasts containing what appeared

to be coagulated cytoplasmic proteins. Cell membranes appeared to

remain intact. Penetration of the laser into enamel often created

cyst-like structures within the odontoblast layer and pulp. The 10

day post-operative lesions created within the enamel organ were

always associated with an underlying alteration in the enamel

matrix. Most frequently it was seen as a retention of the organic

matrix underlying the lased enamel organ. This was seen primarily

because the region (of the incisor) selected was undergoing the

maturation stage of amelogenesis. 'When the depth of the laser strike

reached the enamel itself, there was additional destruction of this

tissue along with peripheral damage to the enamel organ.

Multinucleated giant cells, clusters of enamel-organ-like cells,
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fibroblast-like cells (some that had invaded the portions of ruptured

enamel and the DEJ), could be observed between the fragmented

pieces of enamel. TEM showed these enamel fragments to be

atypical and frequently layered, with the surface covered with a

lamina-limitans-like structure. Between these fragments, collagen

fibrils, cells, and cell processes were present.

Enamel Effects Summar)¡

Lased enamel is more soluble and brittle than normal enamel.

Depending on the energy delivered, lasing can cause roughening,

cracking, or melting and recrystallization of a crater. The resulting

larger crystal size is attributed to the cr -TCP enamel phase. The

roughness can be attributed to the preferential incineration of the

inter-rod substance. Calcium and phosphorus levels decrease in laser

treated enamel.

Dentin

Stern and Sognnaes (1964) while using a ruby laser at

comparable energies used for enamel, noted a "more definitive

cÍateÍ" was produced in the dentin with evidence of "charring" due to

it's higher organic content. Since this first report, there have been

many investigations on the effects of laser energy on dentin. The

following review of the literature will attempt to draw some

comparisons between investigations with a view to drawing some

conclusions about the effect of CO2 laser energy on dentin. Since the

dentin and pulp are closely related morphologically and

physiologically, this will also entail a discussion of pulpal response.

Lobene et.al. (1968), during their experiments on laser treated

enamel, noticed that the DEJ was disrupted and the dentin appeared
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burned due to a loss of tubular structure. This was suggestive of

heat transfer from enamel to dentin, and possibly to the pulp.

Kantola (1912a and b) using a cw-co2 laser and a high ED of

approximately 1 06 I lcmL, found that through electron probe

microanalysis, the Ca and P content of lased dentin was highest at the

surface (in direct contrast to laser treated enamel), decreasing to

normal past the base of the crater. IJsing the same laser and ED's,

Kantola et.al. (1913) exposed dentin powder to laser energy and then

compared the diffraction intensity curves of this laser treated dentin

powder with normal dentin powder and enamel powder. He noted

that the laser treated dentin powder changed structurally in such a

way that it came to closely resemble the crystalline structure of the

hydroxyapatite of normal enamel! This resemblance of laser treated

dentin to enamel piqued the interest of Nelson and his group who

had been working on laser etching of enamel for resin bonding.

Consequently in 1986 Cooper et.al. published results that showed a

30OVo increase in shear bond strength of tooth samples, whose

dentin was subjected to low ED (10 - 50 Jlcm2) COZ laser radiation

prior to bonding. The bond failure occurred at the dentin surface

apparently rendered brittle by laser treatment. SEM of the dentin

surface showed localized melting and recrystallization of dentin

producing fungiform projections covered with a glaze-Ilke surface.

Concurrently, Dederich et.al. (1988) were working on the ability of

laser energy to seal the root dentin surface with a view to improving

endodontic treatment. A previous study (1984) attempted to use the

Nd:YAG laser to seal canal wall dentin. They noted that the results

were inconsistent, and varied according to the pigment or colour of
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the dentin. Their 1986 work showed that at ED's of approximately

100 Jlcmz the CW-CO2 laser demonstrated the ability to retiably

create a glazed nonporous surface.

The studies just mentioned, like the majority of enamel studies,

were all in-vitro, and were concerned primarily with direct hard-

tissue effects. Dentin, unlike enamel, is a vital tissue, and therefore

must be tested in the in-vivo state if we aÍe to learn all the

ramifications of laser treatment. Melcer et.al. (1981), using a CW-

COZ laser and ED's of 103 Jlcm2 or greater on the axial wall dentin

of class V cavities in Beagle dogs and Macaca monkeys, examined the

effects through LM and microradiography. Between 24 hours and 5

days after laser treatment, fragmentation, degeneration or total

disappearance of odontoblasts opposite the lesion were noted, while

cells at the border retained their palisade appearance. At 1 month

post laser treatment, evidence of new dentin formation was present

at the base of the lesion. They postulated that the altered

odontoblasts caused metabolic changes either in the underlying pulp

cells, or the bordering odontoblasts to differentiate into new

odontoblasts and produce reparative dentin. This reparative dentin

continued to form for 2 to 3 months after laser treatment. Further to

this, Serebro et.al. (1987) using CW-CO2 laser on rat molar dentin,

found that at ED's of 430-860 JlcmL only a mild pulpat reaction was

observed histologically, while at 1700 J /cm2 pulp damage was

observed which ranged from blood vessel dilation to coagulation

necrosis.

Franquin and Salomon (1986) using a pulsed COZ laser with

undefined ED's, subjected the pulpal floor dentin of class I cavities
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prepared in human premolars in-vivo to laser energy. The teeth

were extracted at intervals of 15, 30, 50, and 80 days post laser

treatment. No post-operative symptoms were reported, and LM

investigation showed reversible inflammatory changes and the

formation of reparative dentin by 80 days. They concluded that the

pulp reactions were related more to thickness of remaining dentin

rather than energy delivered.

In an attempt to answer the question of how the remaining

dentin thickness affects the thermal propagation of laser energy,

Jeffrey et.al. (1990b) subjected bovine dentin in 1mm, 2mm and

3mm thicknesses to pulsed COZ laser energy, using ED's of 160, 400

and 800 J lcmz. Using a K thermocouple, they measured the

temperature rise on the opposite surface. In all cases, the minimum

temperature rise of 5.5oC outlined by Zach and Cohen (1965), where

irreversible pulp death will sometimes occur, was easily reached. In

fact, even with a 3mm thickness of dentin, a 16.70 C temperature

increase was reached, in both the 400 and 800 ED's. It should be

noted here that while this data is in-vitro, it has definite implications

for pulp health when ED's of this magnitude aÍe used in-vivo,

particularily when the remaining dentin thickness could be

substantially less than 3 mms due to caries, erosion or fracture.

Previous studies used histological data as an indicator of

inflammatory change in response to laser insult. This type of data

does not permit quantitation, but only describes cellular and tissue

changes. Bonin et.al. (1991) in an attempt to further define the

inflammatory response and establish a link between laser treated

dentin and decreased permeability, subjected the pulpal floor dentin
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of class V cavities in dogs to 285 and 570 JlcmL of CO2 laser

At the highest ED used, the laser was able to seal the dentin

the effect of noradrenaline as evidenced by no intrapulpal

increase. Thus a chemical barrier was created by the laser

dentin. The thermal effect was not addressed here.

To further explain and quantify the laser effect on

energy.

against

pressure

treated

dentin

permeability, Pashley et.al. (1992) using a" CW-CO2 laser, subjected

1mm dentin discs, prepared from crowns of extracted unerupted

third molars, to ED's of 11.3, 713.2, and 565.9 llcmz. The specimens

were analysed through SEM and hydraulic conductance values were

calculated through the use of a split-chamber measuring device. The

lowest energy specimens showed an increase in permeability and a

loss of smear layer plugs. The lesion was about 750 micrometers in

diameter and showed slight pitting in the center with torn smear

layer and slit-like tubule orifices. The intermediate energy

specimens also showed an increase in permeability, but of a much

larger magnitude. There was a marked halo (150 micrometers in

diameter) around a central crater (750 micrometers in diameter)

whose base was porous. The increase in permeability was confined

to the latter area of the dentin disc. The halo tubules remained

plugged with smear layer, and the walls of the crater were glazed.

The highest ED produced a crater with a diameter of 500

micrometers surrounded by a double halo. The inner halo showed no

smear layer, and the tubule diameter was larger than normal. The

outer halo showed a mix of plugged and unplugged tubules, with

small tubule diameters. The crater itself was totally glazed. Even at

this energy level, the porosity of the inner halo caused the
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permeability to increase slightly. From their work and that of

Jeffrey et.al (1990) and Zach and Cohen (1965) these authors have

concluded that energies necessary to ablate dentin aÍe close to the

energies that raise intrapulpal temperatures high enough to cause

irreversible putpal damage. They suggest that more research needs

to be done into the use of "defocused beams" to determine if CW-CO2

laser is suitable for smear layer modification without deleterious

pulpal effects seen with the focused beam.

McKee (1993) utilized a CW-CO2 laser in "defocus mode" to

produce a "surgical window" through the alveolar bone and into the

enamel maturation zone of the mandibular incisor of Wistar rats. His

aim was to determine if this was a suitable replacement to the

drilling method previously used to study the enamel organ (McKee

and Warshawsky 1984), and to histologically analyse the laser's

effect on bone, enamel organ, enamel, dentin and pulp. In this study,

the mandible was surgically exposed and the periosteum was

scraped away exposing the mandibular cortical plate. Using I53,

35J, and 45g Jlcm2 of energy in the defocus mode the bone, enamel

and dentin were lased with a single pulse. As already mentioned in

the section on enamel, penetration of laser energy into the enamel

and dentin frequently produced cyst-like lesions within the

odontoblast layer and the pulp at 10 minutes after laser surgery. At

10 days post-operatively, the lesion was present as a region of

altered dentin bordered on one side by a "trauma" line and relatively

normal dentin except for the loss of some odontoblastic processes.

The other side of the line showed new or reparative dentin with

condensed cells embedded in the ossifying matrix. The odontoblasts
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responsible for this new dentin appeared normal except that they

lacked the organization of a distinct cell layer. His dentin findings

were in keeping with those of other investigators already mentioned.

Bone effects

McKee's work (1993) illustrates both the short and long term

response of bone to laser insult. The short term effects in alveolar

bone included vaporization and carbonization of the organic matrix,

leaving only the outline of the original architecture, and an increase

in staining density in the outer regions. Electron micrographs

showed densely packed collagen fibrils, and emply canaliculi. At 10

days after laser Surgery, alt specimens showed ïarious degrees of

injury and repair in the bone defect. Fragments of bone were found

within the lesion frequently and were often totally surrounded by

mononuclear cells or large multinucleated giant cells. The latter cells

occasionally had ruffled membranes associated with the bone

surface, and frequently had numerous phagosomes present in the

cytoplasm containing debris resembling bone matrix. Healthy

enamel organ carried incisally by eruption was present beneath the

bone lesion. An incomplete bridge of bone was often seen to span

this lesion. Numerous active osteoblasts were associated with this

bridge, and the margins of the lesion. When new bone was being

formed adjacent to older bone, they appeared to be separated by a

cement line. The old bone perhaps acted in an osteoconductive

manner to stimulate this new bone to form.
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Radioautography (RAG) is a well known technique. It allows

visualization of the uptake of a radioactively labelled substance into

a target tissue or group of cells, during a given window in time,

through the generation of a radioautograph. The use of a labelled

amino acid therefore, would allow analysis of it's incorporation into a

specific protein. This information can then be used to determine the

effect of a specific treatment on protein synthesis.

The amino acid methionine can be found in the alpha 1 chains

of collagen. As a result, methionine could be used to determine the

effect of laser treatment on protein synthesis in the odontoblasts,

since they secrete an extracellular matrix that is high in collagen.

METHIONINE METABOLTSM AND AUTORADIOGRAPHY

L-Methionine is an essential amino acid. As such it must be

provided by dietary intake for three very important reasons.

Firstly, methyl (CH¡ ) groups supplied from the active form of

methionine known as S-adenosylmethionine, are used in the

manufacturing of such metabolites as lung surfactant dipalmitoyl

phosphatidylcholine, creatine, epinephrine, melatonin, and some

nucleotides. Once cleaved, methyl groups may again be reunited

with homocysteine inside the mitochondrion to form methionine via

a carbon transfer provided by the degradation of choline, or through

the one-carbon pool by the formation of methyl-H 4folate. The

regenerated methionine may now be incorportated into proteins such

as the alpha 1 chains in Type I and III collagen and glycophorin A -

a protein found in red blood cell membranes. Because methionine is

also a source of sulfur for the formation of the amino acid cysteine,

proteoglycans, and glycosaminoglycans such as chondroitin-4-sulfate
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found in the ground substance of dentin, the possibility of recycling

of the S ion must be considered in the analysis of results.

The third, and most important reason is that the homocysteine

chain, which is the backbone of the methionine molecule, cannot be

made in the body (McGilvery, 1983).
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The reader should now be armed with the basic tools necessary

to evaluate the forthcoming investigations.

The general aim of these investigations was to further the

knowledge on hard tissue effects of "clinically relevant" low dose

laser energy and their resultant pulpal effects. Clinically relevant

low dose laser energy can be defined as energy densities of <100

I lcm2, which are capable of altering the surface morphology of

dentin to enhance bonding, but that in all likelihood would have

satisfactory intraputpal temperature rises (i.e. 2 - 5.5o C) as cited by

Zach &. Cohen (1965). This was carried out through a series of

studies that attempted to examine form and function alterations

af.ter treatment with laser energy.

The specific aims of this work are as follows:

1. to develop a surgical technique that was reproducible,

consistent, well tolerated by the animals, and one that would

protect the treated dentin from the intraoral environment.

2. to determine high and low limits of laser energy to be used

with the rat incisor model

3. to determine the surface architecture of the dentin after laser

4.

5.

tre atmen t

to determine morphologic changes in the dentin,

and odontoblasts affected by the laser

to determine what effect laser treatment, at both

energy densities, has on the functional status of

Iayer.

dentin tubules

low and high

the odontoblast
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The null hypothesis for these studies is: low energy-

density irradiation of the dentin will not result in

morphologic changes in the dentin proper or the

odontoblast cell layer, and will not cause functional changes

in these odontoblasts.

PRELIMINARY INVESTIGATION

The preliminary investigation was designed to address aims

one and two, and was morphologic in nature. Sixteen male, weight-

matched Sprague-Dawley rats with a mean weight of 333.5 +l- L4.39

gms were randomly separated into four groups. At t=0, and under

suitable ketamine lxylazine anesthesia, the dentin of both right and

left maxillary incisors was surgically exposed using an intraoral

approach to be discussed later. The left incisors from each group

served as "surgical controls" (sham-treated) and received the same

treatment as the experimentals without laser exposure. The

experimental groups received the following dose of CW-CO2 laser

radiation in "focus" mode: group 1: 2 Watts(W) power for 50

milliseconds(ms) giving an ED=52.6 JlcmL, group 2: 2W for 100ms

giving an ED=105.3 Ilcm2, group 3: 5W for 50ms giving an ED=131.6

JlcmL, and group 4: 10W for 50ms giving an ED-263.2 JlcmZ. Both

the surgical control and the experimental sides were closed with silk

Sutures. The animals were placed on a soft diet for 48 hours, and

their weight was monitored at 1, 3, and J days post treatment. A t-7

days, the animals were sacrificed by intracardiac perfusion with 2.5Vo

gluteraldehyde, the incisors were dissected out, demineralized in 4Vo

EDTA, post-fixed with LVo OsO4 and processed routinely for light
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microscopy (LM) and electron microscopy (EM). The procedure was

well tolerated by the animals, although the mortality rate was

approximately 257o and was due to the anesthetic. The length of

time for ether presedation, and the IM dose of ketaminelxylazine

were adjusted downward for the main study.

The inciso-apical position of the lesion along the tooth was

consistent and was attributed to the use of the gingival margin as a

reference point. However the superio-inferior position was

somewhat variable, but all the lesions were between the cemento-

enamel junction and the root tip. The most corìmon occurrance was

midway between the two. Due to the continual eruption of the

incisor, both the surgical tooth lesion, and the laser lesion in the

experimental teeth were found under an intact lateral plate of

maxillary bone. Whereas the surgical bone lesion was adjacent to an

area of intact cementum and dentin. The periodontal ligament was

in close approximation to both the surgical tooth lesion and the laser

tooth lesion, thus the affected dentin remained protected from the

secretions and microbes of the oral cavity. LM observations of the

lowest energy level, i.e. 2W50ms showed a shallow crater under

which an aÍea of intertubular dentin was more intensely stained.

This staining was confined to the outer 114 to 713 of the dentin. The

putp appeared no different than the surgical control pulp. The

2W100ms and 5W50ms groups showed craters of slightly greater

dimensions, and more intense dentin staining, but this staining now

extended to about I12 the dentin thickness. No visible pulpal

response was noted. The 10W50ms group however, while crater

dimensions appeared the same, the area of affected dentin was much
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gÍeateÍ, both in width along the root surface, as well as depth. The

intense staining noted above went the entire thickness of dentin.

The predentin aÍea was absent, and the pulp as a whole showed a

severe hyperemic reaction that was still evident after perfusion. One

might question the quality of perfusion in this latter case, however,

the unaffected odontoblasts and pulp were well preserved. Most of

the affected odontoblasts were undergoing autolysis as evidenced by

the absence of nuclei and defined cell membranes. The remaining

cytoplasm was also intensely stained.

The EM findings at the lowest energy level were somewhat

unexpected. Even though the LM findings for 2W50ms showed no

discernible pulpal reaction, odontoblasts directly below the laser

treated dentin showed the occasional vacuolization in the

mitochondria, and the presence of abundant profiles of RER, with

dilated cisternae indicating both damage and repair occurring

simultaneously. The vacuolizations were more abundant in the

10W5Oms group, Td whole organelles appeared indistinct, with a

definite absence of their structural membranes. The odontoblasts

therefore appear very sensitive to laser energy, showing morphologic

change at the ultrastructural level at even the lowest energy level.
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The material and methods section will be organized into six

parts to facilitate it's delivery. The General Animal lnformation

section will deal with factors common to all investigations such as

animal strain, sex, and diet. Individual differences will be

highlighted under the appropriate investigation heading. The

Surgical Procedure section will present information with regard to

anesthesia protocol, animal restraint device, surgical technique,

animal recovery, post-operative instructions, method of animal

sacrifice and sample dissection. The Laser Treatment section will

define the laser type, mode of operation, beam delivery, energy

settings and resulting energy densities, focal distance and it's

maintenance. The Scanning Electron Microscopy (SEM)' LM and

TEM sections will present information on animal numbers and

weights, sacrifice time, tissue processing, type of microscope, camera

and film used, and criteria for qualitative analysis of photographs.

Finally, the section on Radioautography (RAG) will include animal

numbers and weights, isotope type and specific activity, route of

isotope delivery, sacrifice times after Iaser treatment and isotope

injection, tissue processing, preparation of radioautographs, criteria

for grain counting, data collection and statistical analyses.

GENERAL ANIMAL INFORMATION

All investigations were carried out on the maxillary incisors of

weight matched male Sprague-Dawley rats from Central Breeding,

IJniversity of Manitoba. The Control (C) animals received the

anesthetic, and isotope regimens only. The surgical only, or Sham-

treated (S) animals were subjected to the anesthetic, surgical, and
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isotope regimens only. The Experimental (E) animals received the

same anesthetic, surgical and isotope regimens if appropriate. The

only variables being the amount of laser energy delivered to the

incisor root (52.6 or 263.2 Jlcmz) after surgical exposure, the time

after laser treatment (i.e. 3 or 7 days) and the time after isotope

injection (i.e. 30', thr., 4hr.) the animals were sacrificed. All animals

were weighed on the day of treatment, i.e. t=0, and 1, 3 and 1 days

after treatment if appropriate. All animals received water and food

ad Iibitum.

SURGICAL PROCEDURE

Alt animals in the tr E rr groups had the lateral dentin of their

maxillary right incisors exposed surgically, while the "S" animals had

both right and left maxillary incisors exposed. The following account

outlines that surgical protocol.

At t=0, and prior to ether sedation, the animals were weighed

to determine the volume of anesthetic required. Using a 4:7 volume

mixture of Ketamine Hydrochloride (MTC Chemicals) to Xylazine

(Bayvet Div. Chempro Ltd.), and in a dose of .15mls/100gms of body

weight, the anesthetic cocktail was delivered intramuscularily in the

right hind limb. Gentamycin opthalmic ointment was applied to the

eyes to prevent corneal abrasions from a loss of the blink reflex. The

animal was placed on it's back on the plexiglass restraining platform

and the upper and lower jaws restrained and retracted (Fig. 1A).

Using a #15 scalpel blade, an incision was made at the junction of the

attached palatal mucosa and the unattached buccal mucosa parallel

to the maxillary bones on both sides. The resulting full thickness

flaps were reflected to expose the underlying bone (Fig. 2A). With
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the animal positioned on it's side, and at a point 3 mm caudal to the

gingival attachment and parallel to it, a Zmm square window was

prepared in the lateral surface of the maxillary bone to the depth of

the periodontal ligament, thus exposing the incisor root (Fig. 2B). The

window was created with a 330 carbide bur in a. high speed

handpiece. The surface of the root was gently cleaned with a spoon

excavator to remove any bone fragments and remnants of

periodontal ligament. The site was then flushed with .9Vo sterile NaCl

and the dentin surface was gently dried with a gatrze sponge for

visual inspection. The right incisors of the rrErr animals received one

pulse of laser energy at a designated energy density. In both rr E rr

and " S " groups, the site was again flushed with .9Vo sterile NaCl, and

both right and left sides were closed with silk sutures. Each rrErr and

rrsrr animal were put in their own cage following surgery and placed

on a soft diet (consisting of crushed hard pellet food) for 48 hours,

and water ad libitum. All rr C rr animals were placed together in one

cage and remained on the hard pellet diet aforementioned.

LASER TREATMENT

The laser used in all investigations was a Sharplan 120 COZ

laser from Laser Industries Ltd. Tel Aviv, Israel (Fig. 1B). It has the

ability to operate in four modes: Continuous Wave (CW), Pulsed Mode

(PM), focus, defocus. The wavelength emmitted falls at 10.6 p in the

infrared end of the electromagnetic spectrum. This invisible beam

can be focused on target with the 2 Milliwatt (mW) He-Ne guide

laser that is emmitted only when the COZ beam is not in use. The

beam is delivered through the use of an articulated arm system

whose mirrors reflect the light through the aperture, and are cleaned
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with N2 gas. The focal length, and hence optimum laser energy, can

be maintained through the use of a handpiece attachment (Fig. 1C).

For alt investigations, the animal was placed on it's side, the

dentin dried and the beam was focused in the middle of the 2mm

square bony window. Operating in the CW and focus mode, a

predetermined energy level and pulse duration, i.e. 2W 50ms or 10W

50ms were selected. The focal length guide was held at right angles

to the dentin surface and in contact with the maxilla at all times.

Based on the formula sited by Merritt (1991), and a spot diameter on

the target tissue of 0.45mm (Fig. 9A), energy densities of either 52.6

or 263.2 JlcmL respectively were delivered to the incisor root by a.

single pulse (Fig. 2C).

SCANNING ELECTRON MTCROSCOPY

Four Male Sprague Dawley rats with a mean weight of 226 +l-

3.65 gms were subjected to the anesthetic, surgical and laser

protocols already discussed. Four maxillary right incisors served as

experimentals, with two receiving a pulse of 2W 50ms and two

receiving a pulse of 10W 50ms. The remaining 4 maxillary left

incisors served as surgery only controls. Immediately following laser

treatment, and under profound ether anesthesia, the animals were

sacrificed by decapitation, the incisors were dissected out and stored

in phosphate buffered saline overnight. One incisor at each energy

level, and two surgical control incisors were placed in 4.73Vo EDTA,

pH 7.4 (Warshawsky 8L Moore, L967) for demineralization. The

remaining two maxillary left incisors were used as mineralized

controls. The EDTA was changed weekly. At the end of 2 weeks, the

incisors were washed with double distilled water (DDW) and
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phosphate buffer wash (PBW). Using a ÍazoÍ blade, the incisors were

sectioned on one side, through the middle of the laser lesion, or the

bony window, and 1 mm past the margin of the window on the

other side, creating 2 specimens of approximately 2mm wide. The

mineralized incisors were sectioned using a coarse disc in a straight

handpiece, extending lmm on either side of the bony window. All

specimens were dehydrated through a graded series of acetone

washes lasting 10 minutes at each grade, beginning at l07o and

finishing with two at 7007o. Critical point drying was carried out

using a SPC-1500 (Omar). The resulting dehydrated specimens were

secured on metal stubs with colloidal silver, and gold coated for 3

minutes using a Hummer V (Technics), producing about a 150 oA

layer on each specimen. Prior to viewing on the scanning electron

microscope, the specimens were stored in a dessicator to ensure

optimum dryness. Specimens were viewed at 15 killivolts (KV) on a

Jeol JSM-35C Scanning Electron Microscope, and were photographed

using a Polaroid camera.

LIGHT AND TRANSMISSION ELECTRON MICROSCOPY

Fifty-five male Sprague Dawley rats weighing 277.80 +l- 39.65

gms were subjected to the anesthetic, surgical and laser protocols

already discussed. At t=3 or I days, the animals were anesthetized

according to protocol, and sacrificed by intracardiac perfusion using

.97o sterile NaCl followed by 2.5Vo neutral buffered gluteraldehyde.

Animals were perfused for a minimum of 10 minutes and a

maximum of 20 minutes to achieve the desired degree of fixation.

The maxillae were dissected out and stored in PBW for 24 hours,

then demineralized in a cold 4.l3%o EDTA solution that was
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continuously agitated. The demineralization state was checked

weekly prior to changing the EDTA solution. The average length of

demineralization was 10 to 12 weeks due to the large number of

specimens. Prior to tissue processing, 4 sections of about Zmm in

diameter, and numbered 1 through 4 from incisal to apical

respectively were taken at specific sites along the incisor (Figs. 3A &.

3B). Following washes in DDW and PBW, the specimens were post-

fixed in 17o osmium tetroxide for 2 and tlZ hours, followed by

dehydration in a graded series of acetone washes from 50Vo to I007o.

The embedding procedure began by placing the post-fixed

specimens in a 1:1 solution of 1007o acetone and Epon 8L2 (JB EM

Services) resin mixture overnight. The following day the solution

was changed to a L:3 acetone to epon mixture and left overnight.

The next day the mixture was discarded and pure epon was replaced

and left overnight. The specimens were embedded anterior surface

down, and placed in a 600 C oven for 48 hours to enhance

polymeri zation.

Epon blocks of site 2 and 4 from both the 3 and I day post

laser treatment were sectioned using glass knives on a Reichert OM

IJZ microtome. Both the experimental laser lesion, and the surgical

bony window lesion were confirmed prior to staining the sections.

The 1p thick sections were stained with IVo toluidine blue, viewed on

a Olympus BH-2 binocular microscope, and photographed with an

Olympus C-3542-2 35mm camera. Selected blocks from site 2 and 4

were also thin sectioned (400 Ao¡, stained with lead citrate for 5 min.

and uranyl acetate for t hour and mounted on 200 mesh copper grid

for viewing on a Philips EM 201 Transmission Electron Microscope.
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RADIOAUTOGRAPHY

Radioautography was carried out on the 3 day post treatment

group only. Thirty male Sprague-Dawley rats weighing 295.6 +l-

32.02 gms were randomly divided into 3 equal groups. Group 1 was

sacrificed 30 minutes after isotope injection, Group 2 - t hour after,

and Group 3 - 4 hours after isotope injection. Each treatment group

was subjected to the same anesthetic, surgical and treatment

protocols as already described. The radioisotope used was 3 5 
S

carried in the amino acid L-Methionine. It has a molecular weight

(MW) of 1.49.2 and a chemical formula of CH3S(CH)2CH(NH2)COOH.

The average specific activity at the calibration date was Lll1.67 +l-

15.11. Cilmmol. The physicat half-life of 35S is 87.4 days. At t=3

days post-treatment, all animals were anesthetized as per protocol.

The skin and fascia over the right external jugular vein of all animals

was incised, and the vein exposed. The dose of radioisotope to the

animal was calculated as follows:

The [S35-L-methionine] = 10.2 mCi/ml which was supplied in a

volume of .5mls

Therefore in .5 mls of solution there was 5 mCi of radioactivity.

This was brought to volume with 4.5 mls of 0.9Vo sterile NaCl.

Since there was 5 mCi in 5 mls of solution, in 0.0004 mls there would

be 0.0004 mCi.

Therefore the volume of solution required to deliver 0.0004 mCi/gm

of radioactivity is: wt (gms) x 0.0004 mls = injectable volume
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Using the appropriate volume, the radioisotope and carrier

were injected intravenously. The skin was stapled closed, and the

animals were placed in a restricted access aÍea for recovery. At

specific time periods after isotope injection, the animals were

sacrificed by intracardiac perfusion as described previously.

The specimen preparation and processing were identical to the

LM section up to and including embedding. Only specimens from

site 2 were sectioned and prepared for RAG. Ten sections were cut

from each epon block, with 5 sections per slide placed horizontally

across the slide at the junction of the middle and lower one-third of

the slide. The slides were stained prior to dipping, with lron Alum

and Iron Hematoxylin for 10 minutes each. The slides were dipped

and developed according to manufacturers instructions using LM-1

emulsion (Amersham) for high resolution radioautography.

Silver grains were counted using a micrometer eyepiece

mounted in the same microscope used for tight microscopy. The

grains on six out of ten sections/block were counted under an oil

immersion lens at a magnification of 1000x. Three areas of the pulp,

tabelled I,2, and 3 were identified for counting (Fig. 4). Within each

aÍea., there were five counts corresponding to the following tissues or

cell regions: dentin (D), predentin (PD) or reparative dentin (RD),

supranuclear (SN), nuclear (N), and a running total count of all areas

(T). Counts were expressed as # of grains/pm 2. Means were

calculated for each D, PD, RD, SN, N, and T within each area (1, 2 and

3) of the pulp. Analysis of Variance (ANOVA) was run comparing the

means within each atea, and between each area, and data was pooled

if there was no significance. Duncan's Multiple Range Comparisons
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were run on the significant pieces of data, and 2D Cartesian line

graphs were created using SigmaPlot, by plotting the means and the

standard errors of the means.

Photomicrographs were generated of each treatment group and

time period after injection for qualitative analysis of grain density

and location (Figs. 28 and 29).
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RESULTS

SURGICAL AND LASER PROCEDURE

Animal Tolerance

In total, 64 male Sprague-Dawley rats were used in these

investigations. Four (4) were used in the SEM study, and the

remaining 60 were used for the LM, TEM, and RAG studies. Of these

60 animals, 5 animals died during ether sedation, leaving 59 animals

contributing to the data for these investigations. The survival rate

then was 92.9Vo.

Animal weights were recorded on Day 0, 1, 3 and 7, and were

used as a measure of animal health. Based on Fig. 5 the animals

tolerated the surgical and laser protocols well, with a mean weight

loss of 6.55 gms occuring in the first 24 to 48 hours following

surgery. The animals were back to their initial weight by 3 days

post-surgery/laser treatment. The weight change from 3 to 1 days

will be addressed further in the discussion section.

Consistency was easily achieved with both the surgical and

laser protocols due to the use of established criteria developed

during the pilot investigation.

The superior/inferior (SI) location of all laser lesions and/or

surgical windows presented in area 2' or 3' of the lateral surface of

the rat incisor (Fig. 4). The antero-posterior(AP) location was also

standardized to 3mm posterior to the gingival attachment. The latter

attachment also served as a reference point for gross sectioning of

the incisors prior to embedding and slide preparation (Fig. 3).
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Laser protocols were consistently reproduced through the

following features of the laser. IJse of the focal length guide

attachment for the laser handpiece allowed consistent reproduction

of the focus mode and ensured that peak power was being delivered

to the tooth surface (Fig. 1C). The required laser parameters were

preset on the laser panel prior to exposure, and the He-Ne aiming

beam allowed accurate positioning of the COZ beam in the prepared

bony window. Laser impact was confirmed by the appearance of a

black charred funnel-like lesion on the surface of the incisor (Fig. 2C).
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SCANNTNG ELECTRON MICROSCOPY

S h am - tre ated

Through the use of Figs. 6A &, 7 A., dimensions of the surgical

site created on the lateral surface of the maxilla, can be determined

as follows:

Outer bony window

AP length

SI width

Inner tooth window

AP length

SI width

2.00 mm

I.71 mm Area =3.42 ^ 
2

Depth dimensions

bone depth

ligament

cementum

Total depth

The overall depth of the surgical tooth lesion varied somewhat

with the depth of bur penetration, and the normal variation between

animals of similar weights.

The surface created by the surgery appeared as two types. The

first type (Figs. 6A &. B) was a combination of exposed dentin, as

evidenced by tubule orifices, and dentin covered by a smear layer

created by the high speed 330 bur. This surface then, is in effect a

disrupted smear layer. The second type consisted of exposed dentin

covered by an intact homogeneous "smear layer" (Figs. 6C & D).

1.14 mm

I.74 mm Area

0.29 mm

0.14 mm

0.03 mm

0.46 mm

=1.30 ^ 
2
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Low Enersv COc Laser Exoosur e-52.6 JlcmZ

Through the use of Figs. 7C &. 8C approximate dimensions of the

laser lesion, created by 52.6 J lcm2 of laser energy, can be

determined.

.20 mm

.25 mm Area =.03 ^^2

.06 mm

At this low energy level, the laser lesion is quite ill-defined,

and as a result, the spot diameter, used for calculation of the above

energy density was taken from the high energy level.

Fig. 8C shows a break in the smear layer dentin which has

irregularly rolled borders that appear melted at points. The laser

treated dentin also appears melted, with some tubule orifices wide

open, some partially closed by debris, and some entirely blocked.

Fig. 7C shows the appearance of the lesion surface in a demineralized

specimen. Here the surface appears smooth and free of debris, and

shows close approximation with the soft tissue of the periodontal

ligament.

High Energy CO2 Laser Exposure-263.2 .I/cm2

Figs. 9A & 7B permit the determination of the approximate

dimensions of the laser tooth lesion shown, or spot diameter created
n

by 263.2 Jlcm" laser energy as follows:

AP length .50 mm

SI width .45 mm Area -.20 mm2

depth .I4 mm

This energy has produced a well defined funnel-like lesion (Fig.

9A &. B) whose depth appears greatest in the centre. Like the lower

AP length

SI width

depth
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energy level, this lesion is defined by rolled borders that aÍe the

result of the movement of molten dentin during laser treatment. In

fact, droplets of molten dentin are found around the periphery of the

laser lesion obviously resulting from splatter. Two distinct zones of

laser treated dentin aÍe evident in Fig. 9C. In the outer zone, the

intertubular dentin appears similar to the lower energy level

showing the smooth melted and reformed dentin. The tubules,

unlike the low energy level appear open and completely free from

debris. The intertubular dentin of the inner zone appears highly

disrupted, and lacking the true dentin form. No distinct dentin

tubules aÍe apparent, but porosities in the surface appear to be filled

with debris. Numerous villi-like projections rise from the surface of

this inner zone.

LIGHT MICROSCOPY

Control

As no surgical/laser procedure was carried out on these

animals, the 3 and 7 day photos would appear the same

histologically.

Site 2 - corresDondine tooth lesion site

Figs. 104-C show cross-sections (X/S) of the maxillary incisor at

sites that would correspond morphologically to the tooth lesion site

in both the sham and experimental groups. The lateral surface

shows an intact periodontal ligament, alveolar cortical bone,

cementum and dentin (Fig. 104). The periodontal ligament is highly

cellular and vascular as evidenced by the numerous capillaries in X/S

or oblique-section (O/S). The bone appears as mature bone with

normal architecture including Howship's Lacunae on it's surface, and
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osteocytes in their lacunae (Fig. 10C). The pulp histology of this site

shows the normal appearance of active odontoblasts, tall columnar

palisading cells with their basally located nuclei adjacent to the pulp

vessels (Fig. 108). Predentin is evident, and the subodontoblastic

plexus of capillaries is apparent as a direct result of perfusion (Figs.

10A & 108).

Site 4 - corresponding bone lesion site

Figs. 114-C show cross-sections through site 4 corresponding to

the site of the bony window in both the sham and experimental

groups. Distinctive differences as compared with site 2 are found in

the dimensions of the tissue layers. The pulp is somewhat wider in

site 4 in a medio-lateral direction, with the odontoblast and

predentin layers also thicker than site 2 (Figs. 114 &. 118). The

dentin is conversely thinner than the more anterior site 2. The

periodontal ligament appears similar in that it is highly vascular, and

shows the presence of a. myelinated nerve fiber (Fig. 11C). The

alveolar bone appears thicker and in a more active state as

evidenced by the presence of many reversal lines (Fig. 11C).

S ham- Treated

Site 2

The light microscopic appearance of site 2 at 3 and 7 days after

surgery is quite similar, with the difference being that the 1 day

specimens show a higher degree of organization of the periodontal

ligament cells and fibers adjacent to the tooth lesion. The dentinal

tubules directly affected by the surgical tooth lesion appear darker

and more dense than the surrounding tubules. In spite of this fact,

there is no evidence of a pulpal response (Figs. 12A &. C). In keeping
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with the active nature of the periodontal ligament, a multinucleated

giant cell can be seen in close approximation with the tooth lesion

(Fig. l2B). In addition, the intact mature bone overlying the tooth

lesion appears to be quite active as evidenced by the numerous

osteoblasts lining it's surface on the ligament side.

Site 4

At the bony window site, we find tooth histology identical to

the control for site 4 at both 3 and 7 days post-surgery (Figs. 134-C).

The periodontal ligament and alveolar bone histology appears quite

different though. At 3 days post-surgery there is an absence of

intact alveolar bone. Fig. 138 shows a bony spicule and an associated

osteoblast, and the periodontal ligament is invaded by inflammatory

cells, and sometimes bacteria (Figs. 134 &. B). By 1 days post-

surgery, the inflammatory infiltrate had subsided, leaving a more

organized periodontal ligament, and one that is actively laying down

a mineralized matrix that is quite probably bone (Fig. 13C).

Experimental - 52.6 .I/cm2
Site 2

The low power cross-sectional picture of this site (Fig. 144)

shows the position of the laser lesion to be coincident with area 3' on

the lateral root surface. (Fig. 4). The affected dentin, shows two

distinct zones potentially similar to that described in the SEM section.

The area in the centre of the lesion appears blackened on the surface

and more dense, and is a well circumscribed uniform depression or

crateÍ. The deeper affected dentin also appears dense, but less so.

This density varies in it's pulpal extent, with the deepest extensions

arising from the centre of the lesion. The soft tissue surface of the
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lesion shows a separation artifact directly adjacent to an amorphous

fibrin-like layer (Fig. 148). This layer is in direct contact with

numerous inflammatory cells, and a loose connective tissue stroma

consistent with healing tissue. Even though the laser so effectively

altered the dentin surface and the deeper dentin to an approximate

depth of one-half the dentin thickness, there was almost no pulpal

response visible at the light microscopic level (Fig. 15). The I day

appearance of this experimental system is identical to the 3 day for

the dentin/pulp complex. The difference however, again comes in

the response of the periodontal ligament and alveolar bone, showing

a reduction in the inflammatory response, and a more organized

ligament in association with the amorphous fibrin-like zone directly

adjacent to the laser-treated dentin. The alveolar bone, like the 1

day sham group shows a high level of activity as evidenced by the

numerous osteoblasts and new bone associated with it's surface (Fig.

r4c).

Site 4

The bony window site shows an identical light microscopic

appearance to the sham-treated group at both 3 and 7 days post-

treatment. Fig. 164 shows the 3 day appearance of the ligament

with numerous inflammatory cells and Ioose connective tissue

stroma, apparently invaded by bacteria. This figure also shows the

absence of overlying alveolar bone, and the presence of numerous

osteoblast-like cells. At 1 days the cementum, as well as its

periodontal attachment tissue, appeared normal (Fig. 168). In

addition, the periodontal ligament was more

developing bony spicules were evident.

organized and
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Site 2

The low magnification X/S through the laser tooth lesion shows

that area 2' of the root and area 2 of the pulp have been affected

(Fig l7A). This laser energy has transgressed the entire width of the

dentin and actually appears to have communicated directly with the

odontoblasts at the base of the crater (Fig. 178). Directly adjacent to

this communication area and for some distance on either side of it,
the odontoblasts have responded by laying down a mineralized

amorphous tissue consistent with reparative dentin. This reparative

dentin is thinner at 3 days post-laser treatment than it is at 1

days. Predentin normally found at this site is absent, and the

junction of the dentin and reparative dentin is scalloped. The hard

tissue effects of the laser appear to be more subtle at this high

energy level. The staining density is less pronounced in Figs. 111^ &.

B. Figs. 18,A. & B show yet another laser lesion at this energy level.

The pulpal effect of this lesion has created a very subtle decrease in

the predentin layer, and a loss of the palisade appearance of the

odontoblasts. Another type of laser-lesion/pulp response scenario

presents in Fig. 19. In this lesion site, the laser energy has

eliminated the predentin layer and the odontoblast layer morphology

has become indistinguishable. The pulpal response is quite dramatic,

and a severe hyperemia exists.

Site 4

The 3 and I day appearance of the bony window site is

identical to that of the "sham-treated" and "low energy level"

experimental groups.
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TRANSMISSTON ELECTRON MICROSCOPY

All electronmicrographs in this section come from areas

directly in contact with, or directly affected by, either the surgery or

the laser treatment, i.e. site 4 or site 2.

Control

Since no surgical/laser treatment was performed on these

specimens, and the 3 and 1 day specimens are identical, they will be

presented as one and the same.

Site 2

Fig. 20A shows a relatively inactive cementoblast in the

periodontal ligament, surrounded by extrinsic or Sharpey's fibers

that aÍe entering the cementum. Note the appearance of the

ligament/cementum junction at this site. Fig. 20F- is a longtitudinal

section (L/S) through the dentin just below the cemento-dentinal

junction. Note the presence of 3 tubules, 1 tubule appears filled with

a dense odontoblast process, another appears filled with cytoplasmic

remnants only, and yet a third appears almost empty. The

intertubular dentin shows collagen fibers in X/S with abundant

spacing between them. Fig. 20C shows the normal appearance of the

dentin/predentin/odontoblast junction at this site. Note the presence

of numerous intact mitochondria, surrounded by profiles of rough

endoplasmic reticulum. The predentin layer is quite thin at this site,

yet the odontoblast processes aÍe well defined.

Site 4

Figs. 2I A-C show the various appearances of mature

membranous bone. Fig. 2IA shows a centrally placed osteocyte

housed in its lacuna and surrounded by X/S and O/S of its processes.
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The bone matrix in this figure appears heavily mineralized. Figs. 2lB

&. C show low and high power variations on mature bone and one of

it's sustaining cells, the osteocyte. Fig. ZID shows the appearance of

the periodontal ligament/cementum interface at the potential site of

the bony window. The intrinsic and extrinsic fibers of the

periodontal ligament curve and swirl around one another producing

this looped appearance. In all other aspects, the junction resembles

that of site 2, however the cementoblasts in this figure appear

somewhat more active than site 2 as evidenced by the distinction

between hetero- and euchromatin in the nuclei, and the presence of

more cytoplasm and organelles.

S ham - tre ate d

Site 2

Fig. 22F-- shows an intact attachment apparatus present just

adjacent to the surgical tooth lesion, at 3 days post-surgery. The

dentin/predentin/odontoblast junction present at 3 days post-

surgery appears similar to the control at this site. Fig. 224 lllustrates

the cementum/ligament junction of the surgical tooth lesion at 3

days post-surgery. Note the presence of numerous X/S profiles of

collagen in the ligament, and the apparent lack of regular

attachment, as seen in the controls at this site. A mineralized matrix

is interspersed between the cementum and the ligament cell. The

predentin in Fig. 22C appears thin and almost indistinguishable from

the dentin proper. The odontoblast in this photomicrograph appears

somewhat dormant as evidenced by the presence of few cytoplasmic

organelles. However, at 1 days post-surgery, the predentin l,ayer

appears somewhat thicker and more distinguishable, even though
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there aÍe still only a few profiles of endoplasmic reticulum and

mitochondria present (Fig. 22D).

Site 4

The bony window site in the sham-treated specimens shows an

intact cementum/periodontal ligament attachment as seen in Fig.

238. Here the extrinsic fibers are seen to insert into the cementum

as they pass between the cementoblasts on the surface. Further out

in the ligament however, bony repair is ongoing as evidenced in Fig.

23A which shows the presence of a minercIizing matrix adjacent to a

long cell process likely from an osteoblastlcyte cell.

Exnerimental - 52.6 J/cm2

-

Site 2

At 3 days post laser treatment (Fig. 24A), the laser treated

surface at this energy level shows a highly fragmented surface that

is covered by carbonized debris or a char layer. The contents have

exuded from the odontoblast tubules and their openings appear to

be sealed. The intertubular dentin appears denser than the control,

with minimal spacing between collagen bundles. These bundles

however, aÍe still discernible. The dentin lining the odontoblast

tubule in Fig. 24C appears somewhat darker than the surrounding

intertubular dentin. Fig. 24r_ illustrates the 3 day appearance of the

junction between laser-treated dentin, and laser-altered dentin. A

fibroblast is closely associated with the altered dentin surface, while

a macrophage type cell with multiple foreign bodies in the form of

lysosomes is in close association with the laser-treated dentin. The 3

day appearance of the dentin/predentin/odontoblast junction

appears similar to the sham-treated junction (Fig. 24D). This figure
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shows an odontoblast that appears to be highly active in synthesizing

predentin. The presence of numerous mitochondria, and profiles of

rough endoplasmic reticulum attest to it's more active state. The 1

day appearance of the laser tooth site appears quite different from

the control, but similar to the sham-treated site 2 at 3 days (Fig.

254). Here we see the periodontal ligament/cementum junction with

the intrinsic fibers inserting into the cementum, but they are arising

from a highly mineralized matrix being formed by the blast cell,

which is in all liklihood an osteoblast. Hence, this matrix would be

bone. The 7 day odontoblasts present in Fig. 258 appeil in a state of

rest as evidenced by few organelles, and the indistinguishable nature

of the predentin.

Site 4

Fig. 261^ shows the presence of a polymorphonuclear-type cell

with its bi-lobed nucleus and numerous phagosomes apparently

actively removing the surrounding calcified debris. At the same time

however, Fig. 268 shows the high level of activity present in the

periodontal ligament at 3 days post-laser treatment. Here, a

macrophage-like cell with numerous cytoplasmic extensions, and

phagosomal bodies appears to be cleaning up debris, directly

adjacent to a mineralizing collagenous matrix. The 7 day appearance

of the periodontal ligament/cementum junction appears similar to

the control, but the cementoblasts appear to be highly active (Fig.

26D). In the periodontal ligament, an osteoblast-like cell is seen

associated with a mineralized matrix (Fig. 26C).
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Experimental -263.2 J/cm2

-

Site 2

The fragmented surface dentin seen in the low energy laser

treated dentin surface is also present here at 3 days post treatment

(Fig. 21A). Similarily, there appears to be a fibrin-like Iayer in close

approximation with the laser-treated surface (Fig. 218) at 1 days.

The intertubular dentin appears more amorphous than that seen at

the lower energy level. The odontoblast tubules appear to be filled

with an amorphous material resembling the odontoblast process

(Figs. 27 A-C). Fig. 27D shows the 7 day appearance of reparative

dentin formed in an irregular manner, and being atubular.

Site 4

The bony window site at day 3 and day 7 ate identical to that

found in the lower energy level and is illustrated here by an active

osteoblast cell associated with a mineralized matrix adjacent to an

osteocyte (Fig. 278)
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RADIOAUTOGRAPHY . QUALITATIVE

This investigation was conducted at 3 days post-surgery/laser

treatment, and only site 2 was quantitated.

Control and Sham-Treated

In the control group (Figs. 284-C) there was sparse labelling of

the cells and dentin (Fig. 28A) at the 30 minute interval. However,

at the t hour interval (FiS. 288) the labelling had increased over both

the cells and the dentin, while at 4 hours (Fig. 28C) this was reduced.

The sham-treated group (Figs. 28D-F) showed the labelling over the

dentin (Fig. 28D) to be higher than that seen over the control at the

30 minute interval. This dentin labelling increased at t hour after

isotope injection (Fig. 28E). Also, labelling of the cells was increased

over that seen at the 30 minute interval. However, at the 4 hour

interval (Fig. 288), labelling over both the cells and the dentin was

reduced, but was still higher than the control at the same time

interval.

Exnerimental - 52.6.I/cm2+

The supranuclear and nuclear regions in the 30 minute

photomicrograph (Fig. 29A) show a moderate degree of labelling yet

the dentin/predentin region has substantially more label. The 7

hour photo (Fig. 298) shows less labelling in the

supranuclear/nuclear region, and still a high level of labelling in the

dentin/predentin region. Yet by 4 hours post-injection (Fig. 29C),

both the dentin/predentin and the supranuclear/nuclear regions

appear only sparcely labelled.
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The 30 minute photomicrograph (Fig. 29D) shows rather

uniform labelling in both the supranuclear/nuclear and dentin

regions, but that labelling appears sparse. The predentin is not

evident in this photomicrograph. The t hour post-injection photo

shows the presence of reparative dentin below the laser treated

dentin, with the majority of grains concentrated in this region

instead of the supranuclear/nuclear region (Fig.29E). The grain

density in the latter region appears similar to the 30 minute photo.

By 4 hours, the labelling seems markedly increased in both regions

(Fig. 29F), with the majority of grains being found in the

dentin/reparative dentin regions, but also a high degree of labelling

is seen in the supranuclear/nuclear region.

RADIOAUTOGRAPHY - OUANTITATIVE

Figures 304-D illustrate the data presented according to

treatment group. Displaying the data in this way permits a graphic

depiction of an avera.ge histologic section from each time period, and

also permits an analysis of the functional status of the odontoblast

cell layer, by looking at each component of this layer.

The supranuclear and nuclear counts can be seen to parallel

each other (Figs. 304-D), and therefore should be considered

together. No clear distinction could be made between these areas

during grain counts, due to the palisade arrangement of the

odontoblast cell bodies. A distinction can be made therefore,

between cellular counts, as illustrated by the supranuclear/nuclear

plots, and matrix counts, as illustrated by the

dentin/predentin/reparative dentin plots. The plots of total average
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grain counts, or "total count aÍea" (Fig. 33) may mask the true level

of protein turnover within the odontoblasts at any given time period,

but can be used to illustrate a trend, and is a simplistic way of

comparing treatment effect on protein synthesis. The c o n t r o I

cellular counts (Fig. 304) were low at 30', rose slightly by t hour,

and dropped off to negligible levels by 4 hours. The peak grain

count appearing to be somewhere between 1 and 4 hours. The

control matrix count (dentin mainly) (Fig. 304), was lowest at 30',

rose substantially by t hour and remained at this level until at least

4 hours. The peak grain count in this aÍea appearing to be

somewhere between 1 and 4 hours also. The matrix counts at alt

time periods were substantially higher than their corresponding

cellular counts.

The sham-treated cellular counts (Fig. 308) at 30' were

higher than the control cellular count at the same time period. By 1

hour the nuclear count had dropped to just below the control cellular

t hour count, but the supranuclear count was still higher than the 1

hour cellular count. By 4 hours the cellular count was comparable to

the control cellular count at 4 hours. The peak grain count appearing

to occur in less than 30 minutes. The sham-treated matrix count

(dentin mainly) (Fig. 308), followed a similar trend to the cellular

count, except that all counts were substantially higher than their

corresponding cellular count. The peak grain count however may

have occurred between 1 and 4 hours, like the control matrix, or

after 4 hours as seen below for the 263.2 Jlcm2 group.

The 52.6 Jlcm2 cellular counts (Fig. 30C), paralleled almost

exactly the sham-treated cellular plots. Also like the sham-treated
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cellular plots, the peak grain counts appeared to occur in less than 30

minutes. The 52.6 JlcmZ matrix counts (dentin and distinct

predentin layer) (Fig. 30C), followed a similar trend to the control

matrix plot, for the 30' and the t hour time periods only. By 4 hours

however, the 52.6 I lcm2 matrix count had fallen to levels

comparable to the cellular count for this treatment group, and the 4

hour cellular counts of both the control and sham-treated groups.

The peak grain count in this instance, probably occurred between 1

and 4 hours, like the control matrix plot.

The 263.2 Jlcm2 cellular counts (Fig. 30D) at 30' were

comparable, or slightly greater than the matrix count at the same

time period, thus showing a dramatic increase in grain count for this

layer. This was true for areas 1' and 2' only. This cellular count was

substantially higher than all other 30 minute cellular counts. Area 3'

however, being directly affected by the laser, had a significantly

lower supranuclear grain count, comparable with, or slightly higher,

than the sham-treated group. By t hour, the cellular count had

fallen dramatically, and was comparable to the sham-treated

supranuclear count at this time period. By 4 hours, the cellular count

had markedly increased, was still lower than the 30' count, but was

still substantially higher than all other treatment groups at this time

period. The peak cellular grain counts may have occurred in less

than 30 minutes, or greater than 4 hours. The 263.2 Jlcm? matrix

count (dentin primarily) (Fig. 30D), at 30' was comparable with the

sham-treated matrix count at 30'. The t hour matrix counts (dentin

and reparative dentin) decreased slightly, but was still comparable

with the control and sham-treated t hour matrix counts. However,
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by 4 hours, marked differences had appeared. The 263.2 Jlcm2

matrix counts (dentin and reparative dentin) were substantially

higher than the 4 hour counts of all other treatment groups. This

was only true for pooled areas 1' and 3', while aÍea 2', directly

affected by the laser showed only a slightly higher grain count,

similar to the control and sham-treated counts at this time period.

The peak grain count probably occurred after 4 hours in both cases.

Figures 314&8 and 32A&B represent the data displayed by

count aÍea, and allows direct comparisons between treatment groups

to statistically analyse the effect of treatment and time on grain

count. Figures 314&B present the matrix data, while 32A8LB present

the cellular data.

MATRIX COUNTS ßig. 314 & B)

At 30 minutes, the 52.6 Jlcm2 dentin count (Fig. 314)

was significantly lower (p.05) than all treatment groups,

except for the control dentin count. The 52.6 JlcmL dentin

count is the same as the control dentin count for 30 minutes. The 1

hour 52.6 Jlcm2 dentin count, while higher than the 30

minute count, was significantly Iower (p.05) than the 263.2

Jlcm2 dentin count only. The control dentin count is the same as

the sham-treated and 52.6 |lcm2 counts for t hour. By 4 hours,

dramatic differences in counts have appeared. The 263.2 Jlcm?

dentin count was significantly greater (p.01) than all other

treatment groups. While the 52.6 Jlcmz dentin count \ilas

significantly lower (p.01) than all other treatment groups.

The control dentin count is the same as the sham-treated, and 263.2

I /cm2 lesion area 2' dentin counts for 4 hours.



71

The predentin count (Fig. 318), recorded only for the 52.6

J lcm2 treatment group, paralleled the dentin count for this

treatment group almost exactly. The only statistically different count

occurred between the reparative dentin (Fig. 318) and predentin

counts at the 4 hour time period, with the 263.2 Jlcm?

reparative dentin count being significantly greater (p.01)

than the 52.6 Jlcm2 predentin count at 4 hours. All other

treatment groups did not possess a large enough area of these tissue

layers to warrant their count as a distinct layer.

At 30 minutes, the 263.2 JlcmZ supranuclear count

(Fig. 314) was significantly greater (p.01) than all other

treatment groups, including the laser affected area 3'. The

latter count was significantly greater than both the control

(p.01) and the 52.6 Jlcm? (p.05 ) supranuclear counts. The

control and 52.6 Jlcm2 supranuclear counts were the same, the

sham-treated and 52.6 J/cmL supranuclear counts \¡/ere the same,

and the sham-treated and 263.2 Jlcm2 lesion area 3' counts were the

same. By t hour, the 263.2 JlcmZ supranuclear count had dropped

substantialty so that the sham-treated and 263.2 J/cmZ

supranuclear counts were the same, and they were

significantly greater (p.01) than the control and 52.6 J/cmZ

supranuclear counts. The 52.6 Jlcmz supranuclear count

was significantly lower (p.01) than all other treatment

groups, except the control. Therefore, the 52.6 JlcmT and

control counts were the same for this time period. By 4 hours, a

distinct division had appeared between treatment groups. As
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sharply as the supranuclear count had dropped in the 263.2 JlcmZ

group, it rose again by the 4 hour time period, so that the 263.2

J/cm2..rp.unuclear count was significantly greater (p.01)

than all other treatment groups. The 4 hour counts of all other

treatment groups were the same.

The nuclear count plots (Fig. 328) parallel the supranuclear

plots (Fig. 321^) discussed above. At 30 minutes, the 263.2

J/cm2 nuclear count \üas significantly greater (p.01) than

all other treatment groups, and the sham-treated, control and

52.6 J/cmL nuclear counts aÍe the same. By t hour, t h e

263.2 J I cmZ nuclear count had dropped substantially, but it
was still significantly greater (p.05) than all other

treatment groups at L hour. The 52.6 Jlcrn? nuclear count

howeverl \üâs significantly lower (p.05) than the control

and,263.2Jlc^2 nuclear counts only. The 52.6 JlcmL nuclear

count was the same as the sham-treated count for the t hour time

period. Like the supranuclear plot, the 4 hour nuclear count

rose dramatically for the 263.2J1cm2 treatment group and

was significantly greater (p.01) than all other treatment

groups. The 52.6 Jlcm? nuclear count \üas the same as the

sham-treated count, and these were both significantly

greater (p.05) than the control count.
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TOTAL COUNT AREA (Fig. 33)

This data represents a pooling of the matrix and cellular counts

for each time period. As a result, one can more simplistically

compare odontoblast functional changes as influenced by treatment

modality. At 30 minutes, the 263.2 Jlcm2 total count \ilas

significantly greater (p.01) than all other treatment groups.

The 52.6 J /cm2 total count was the same as the sham-

treated and control counts. But the sham-treated total

count was significantly greater (p.05) than the control total

count at this time period. By t hour, the 263.2 JlcmZ total

count, like the nuclear and supranuclear counts had

dropped, but was still significantly greater (p.01) than all

other treatment groups. The total counts of all other treatment

groups were the same. Unlike the other plots at 4 hours, all

treatment groups, as represented by their total average counts, were

statistically different from one another. The 263.2 Jlcm? count

was significantly greater (p.01) than all other treatment

groups. The sham-treated count \ryas significantly greater

(p.01) than the 52.6 Jlcm? and control counts, and the 52.6

J/cm2 count was significantly lower than the control count.
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FIG. 1A Acrylic restraining platform enhanced the visual
operative field during surgery. (design - P. Ling and

A. Karim)

FIG. LB "Sharplan 120 COZ Surgical Laser", Laser Industried

Ltd., Tel-Aviv, Israel - Continuous 'Wave, Pulsed
Mode, Focus or Defocus Mode. Maximum power =
30 Watts.

FIG. LC Free-hand surgical handpiece with focal length
guide attachment (A), and nitrogen gas hose to
maintain cleanliness of reflective mirror surface
during operation.
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FIG. 2A Maxillary bitateral full thickness flaps exposing the
underlying maxillary bone (B) and salivary gland
pouches bilaterally.

FIG. 2B T=0, window created in lateral surface of maxillary
bone, and A=attached gingival margin, W=posterior
bony margin of window, R=exposed maxillary
incisor root.

FIG. 2C T=0, position of laser lesion (L) on the exposed root
surface. B= maxillary bone, W=anterior bony
margin of window.
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FIG. 3A T=3 days after laser treatment. Laser lesion (black
dot) has moved away from the bony window (box)
at a rate of -.333 mmiday (Smith and Warshawsky,
7975), due to the continuously erupting nature of
the incisor tooth, showing a total movement of -1
mm in 3 days. Broken diagonal lines illustrate
gross sectioning of maxillary incisor prior to
embedding. Z--site 2, 4=síte 4, AG=attached gingival
margin

FIG. 3B T='7 days after laser treatment. Laser lesion has

moved -2.3 mm. 2=site 2,  =site 4, AG-attached
gingival margin
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FIG. 4 Cross sectional diagram of the maxillary incisor at
site 2. l', 2', and 3', illustrate areas of the lateral
root surface and their corresponding odontoblast
areas l, 2 and 3. Treatment at 2' could affect
morphology and/or function of the odontoblasts
area 2 of the pulp. Areas l, 2 and 3 were grain
count sites in the RAG investigation.
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FIG. 5 Graph of animal weights for LM, TEM and RAG
investigations. Vo change in weight = Mean
sacrifice wt. - Mean day 0 wt. x 100 /Mean
sacrifice wt., +/- Vo change in S.E.M., N = 55, * p >
.05
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Scanning electronmicrographs of un-demineralized Sham-
treated sections showing lateral surface of maxillary bone,
bony window, and exposed root surface at t=0.

FIG. 6A Morphology of one type of exposed root surface,
showing both cementum and exposed dentin
without smear l,ayer. B=maxillary bone,
T=odontoblast tubule orifice, C=cementum.
small arrows=inner (tooth) and outer (bony)
windows. x36

FIG. 6B Higher power of 64, a potential laser target.
C=cementum, T=odontoblast tubule orifice. x200

FIG. 6C Amorphous morphology of smear layer on exposed
dentin. Another type of potential target for the
laser. S=smear layer. x200

FIG. 6D Higher power of 6C showing amorphous smear
layer, and rutted surface produced by 330 carbide
bur, and/or spoon excavator used to remove bony
debris from site. S=smear layer. x1000
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Scanning electronmicrographs of demineralized X/S's
through the centre of the experimental sites at t=0. Depth
dimensions of the bony window, surgical tooth lesion
created by 330 bur (small arrows), and laser lesion
(asterisk) can be determined.

FIG. 7 

^ 
Sham-treated incisor showing lateral surface
window extending through the maxillary bone (B),
periodontal ligament (L), and cementum. Here the
depth of the surgical tooth lesion or bur lesion is
negligible. x36, mag. bar = 1000pm

FIG. 7B 263.2 Jlcm? treated incisor showing the extent
of the window from the cementoenamel junction
(top small arrow) labially, to the lingual tip of the
root (not shown). The surgical tooth lesion created
at area 1 on the lateral root surface is more
extensive. x36, mag. bar = 1000¡rm

FIG. 7C 52.6 Jlcm? treated incisor showing the
presence of the laser lesion at the junction of area 1

and 2 on the lateral root surface, while the
negligible bur lesion is at the junction of area 2 and
3. x36, mag. bar = 1000pm

FIG. 7D 52.6 Jlcm2 treated incisor showing higher
power of 7C. Note the difference in morphology
between the bur lesion and laser lesion the
periodontal tissues appear to be adheared to the
bur lesion, but not to the laser lesion. x200, mag.
bar = 100¡rm
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Scanning electronmicrographs of un-demineralized 5 2.6
G treated incisor showing architecture of exposed root
surface and laser lesion.

FIG. 8A Low power showing exposed root surface, laser
lesion (arrow) and maxillary bone (B). x36, mag.
bar =1000pm

FIG. 8B High power of laser treated dentin (LD) showing
some tubule orifices wide open, some partially
closed by debris, and some entirely blocked. The
intertubular dentin appears smooth and amorphous
in some areas, but other areas show the adhesion of
debris or tissue tags. x 1000, mag.bar = 10 ¡rm.

FIG. 8C Shows a break in the smear layer dentin (S) that
has irregularly rolled borders which appear melted
at points. Note how ill-defined the laser lesion is at
this energy density, with the lack of a two zone
appearance as in the high energy level. Laser
Iesion diameter is -.25 mm. x200, mag. bar =
1 00pm
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Scanning electronmicrographs of un-demineralized 263.2
U+Ê-rreated incisor showing maxillary bone (B), smear
layer (S) and laser lesion (small arrows).

FTG. 9A The laser lesion here appears well defined, with it's
elliptical funnel-like shape appearing deeper in the
centre of the lesion, and whose borders appear
raised and rolled. Lesion diameter is -.5mm, with
inner zone diameter -.2mm. x 36, mag. bar =
1 000pm

FIG. 9B Higher power of 9A showing two zone nature of
lesion at this energy density. Molten dentin (M)
surround the lesion periphery. The outer zone
shows clean open tubules devoid of smear layer.
The central zone appears highly irregular and
devoid of definite tubular or intertubular structure.
x200, mag. bar = 100pm

Junction between outer and inner zone. Inner zone
being a result of absorption of 867o of the total
beam. Few distinct dentin tubules aÍe apparent,
porosities in the surface are filled with debris, and
villi-like projections (V) rise from the surface.
x1000, mag. bar = 10pm

FIG. 9C



,,&ffi
fiai¡',:ç,
i r-cfp^,



92

Photomicrographs of control incisors sectioned through the
centre of site 2 (10) and site 4 (11). These illustrate both 3
and 7 day controls.

FIG. 10A Site 2 - control shows intact periodontal ligament
(L) , cementum and alveolar bone (B) of the lateral
surface, dentin (D), odontoblasts (OD), and pulp
x 200, mag. bar = 100¡rm

FIG. 108 Lateral surface odontoblasts (OD) show normal
pallisade appearance. Cell bodies are separated
from dentin (D) by predentin (P).
x 1000, mag. bar = 10pm

FIG. 10C Periodontal ligament (L) appears highly cellular and
vascular. Numerous nuclei present in the medial
portion of the ligament are separated from mature
alveolar bone (B) by capillary plexus. x500, mag.
bar = 10pm

FIG. 1-1A Site 4 - tissues at t=0, prior to preparation of the
surgical window and laser treatment. The dentin (D)
appears thinner than at site 2, while the
odontoblast layer (OD) appears thicker. x200, mag.
bar = 100pm

FIG. 1,18 Lateral surface odontoblasts (OD) appear almost
stratified due to the abundant cytoplasm, and
nuclei positioned at different levels. The predentin
(P) layer is slightly thicker than at site 2. x1000,
mag. bar = 10pm

FIG. llc Alveolar bone (B) is thicker and more vascular.
The capillary plexus adjacent to the bone is highly
developed. A mylinated nerve fiber (N) is apparent
in a neurovascular bundle in this area. x500, mag.
bar = 10pm.
D:Dentin; L: Periodontal Ligament
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Photomicrographs of 7 day site 2 - sham-treated incisors
showing relationship to surrounding tissues, ligament and
pulpal response.

FIG. t2^ Periodontal ligament tissues aÍe closely adhered to
the bur lesion (arrow). Dentin thermally altered by
the carbide bur shows an increased stain density
(also at arrow). x200, mag. bar = 100pm

FIG. l2B Active nature of periodontal ligament (L) evidenced
by giant cell (G) likely cleaning debris, and
numerous osteoblasts (OB) lining alveolar bone.
x 1000, mag. bar = 10pm

FIG. lzc In spite of bur lesion, lateral odontoblasts (OD) in
area 3 of pulp show no evidence of a pulpal
response, save a minimal decrease in the predentin
(P). x500, mag. bar = 10pm,
P=Predentin; D=Dentin
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Photomicrographs of site 4 - sham-treated incisors showing
normal tooth anatomy (due to continuously erupting nature
of incisor), and healing periodontal ligament in bony
window site.

FIG. 134 3 day - General relationship of surrounding
tissues, and invasion of periodontal ligament by
bacteria (arrow). x 200, mag. bar = 100pm

FIG. 13ts 3 day - High power of 13a showing bacterial
invasion (B), surrounding spicule of mineralizing
tissue (arrows). x 1000, mag. bar = 10¡rm

FIG. 13C 7 day - Periodontal ligament (L) is more organized
and more vascular. Spicules of mineralized tissue
are present (arrows). x 1000, mag. bar = 10pm,
D=Dentin
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Photomicrographs of site 2 - 52.6 llcmL treated incisor
showing relationship of laser lesion to surrounding tissues,
and adaptation of periodontal ligament to Iaser Iesion.

FIG. L4A 3 day - Affected dentin covering an aÍea of -.1mm
(arrows) (not centre of lesion) shows two distinct
zones of affect. Lesion affected area 3' of lateral
surface of root, and area 3 of pulp. x 200, mag. bar

= 100pm, L=Periodontal Ligament; D=Dentin

FIG. l4r-- 3 day - High power of laser lesion showing cÍater
defect (large arrows), and associated fibrin-like
layer (*) that has pulled away from laser-treated
dentin indicating a non-adhesive relationship. Two
zones of staining density are present, the inner zone
(5pm deep) or necrosis zone directly below the
crater being the densest (small arrows). The outer
zone is the thermally affected zone. x 500, mag. bar

= 10pm

FIG. l4C 7 day - Periodontal ligament (L) is more organized
and cellular, in association with the alveolar bone
surface lined by osteoblasts (OB). Note the non-
adhesion of the ligament. x 1000, mag. bar = 10pm
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FIG. 15 3 day site 2 - appearance of the pulp of a 52.6

Jlcmz treated incisor, showing normal
appearance of lateral surface odontoblasts (OD) in
aÍea 3. * denotes lateral dentin. Minimal decrease
in predentin (P) thickness may be noted. x 1000,
mag. bar = 10pm
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FIG. 164 3 day site 4 - appearance of ligament of a 52.6

J /cm2 treated incisor showing fibrin tike clot (FC)
organization and surgerized bone showing empty
lacunae (N). I=Infiltrate x 1000, mag. bar = 10¡rm

FIG. 168 7 day site 4 - appearance of ligament of a 263.2

J/cmz treated incisor showing more organized,
cellular ligament with spicule of mineralizing bone
(*). x 1000, mag. bar = 10pm
L=Periodontal Ligament; D=Dentin; C=Cementum
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Photomicrographs of 3 day site 2 - 263.2 llcmL treated
incisor showing relationship of laser Iesion to root, pulpal
response, when sectioned through the centre of the lesion,
and morphology of surrounding tissues.

FIG. 17 A Crater produced in the lateral dentin has a diameter
of -.2mm, and a depth of -.I25 mm. Area 2'of the
lateral dentin and area 2 of the pulp have been
affected. x 200, mag. bar = 100pm

FIG. l7B Note fibrin clot (FC) associated with the crater. The
base of the crateÍ shows direct communication
(arrow) with a matrix that is consistent with
reparative dentin (RD). The odontoblasts (OD) have
lost their pallisade appearance. x 1000, mag. bar

=1 Opm
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Photomicrographs of 7 day site 2 - 263.2 llcmL treated
incisor showing relationship of the laser Iesion to the root,
one type of pulpal response, when sectioned obliquely
through side of crater wall, and morphology of surrounding
tissues.

FIG. 184 Crater produced in lateral dentin has diameter of
-.1 mm, and a depth of 60 pm. Note the more
organized appearance of the periodontal ligament
(L) and associated clot-like structure. Non-adhesion
of the ligament to the necrotic dentin is apparent
(space). x 1000, mag. bar = 10pm

FIG. 188 Lateral odontoblasts (OD) not directly below the
lesion show loss of pallisade appearance, and thin
zone of predentin (P) only. No reparative dentin or
inflammatory response is evident. x 2000, mag. bar

= 10pm
D=Dentin
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FIG. lg Another 7 day site 2 - 263.2 Jlcm2 treated
pulpal response shown here when the section was
again taken through the side of the qater wall. A
dramatic thermal effect is noted both in the
affected dentin (D) and in the corresponding
odontoblast layer cells (OD). A loss of predentin,
vacuolization of the odontoblasts, and a coagulative
necrosis-like response in the pulp. x 500, mag. bar

= 10pm
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Electronmicrographs of site 2 control incisor showing
normal appearance of the CDJ, tubular dentin, and the
odo nto b I as t/p redenti n/dentin j unctio n.

FIG. 201r Normal appearance of attachment. Note Sharpey's
fibers (S) as they insert into cementum (C).
Cementoblast (CE) nucleus appears relatively
inactive. x20,300, mag. bar = 1pm
D=Dentin

FIG. 208 Normal appearance of tubular dentin just below the
CDJ. Odontoblast process (P) is present in first
tubule, while only cytoplasmic remnants and
tubular fluid respectively, are present in the
remaining tubules. x 20,300, mag. bar = lpm

FIG. 20C Normal appearance of
dentin (D)/predentin (P)/odontoblast (OD) junction.
Well defined odontoblast process (*) and numerous
mitochondria surrounded by profiles of
endoplasmic reticulum can be seen. Predentin (P)
is quite thin and difficult to distinguish here,
though LM photomicrographs show it is usually a

well defined area (Fig. 108). x 8,250, mag. bar

=1pm
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Electronmicrographs of site 4 - control incisor showing
normal osteocytes surrounded by normal bone, and
morphology of normal attachment at this site showing the
swirl arrangement of the intrinsic and extrinsic fibers
within the cementum (*).

FIG. 2IA Centrally placed nucleus of osteoblastlcyte cell with
relatively large amount of cytoplasm surrounding
nucleus, and mitochondria still present. x 8,250,
mag. bar = lpm

FIG. 2IB' Normal appearance
and surrounded by
mag. bar = lpm

of mature octeocyte in lacuna
membranous bone. x 4,325,

FIG. zIC

FIG. zID

High power of mature osteocyte showing numerous
cell processes. x 20,300, mag. bar = 1pm

Normal appearance of CDJ at site 4 showing swirl
morphology of cementum (*), and large size of the
cementoblast (CE) surrounded by extrinsic
Sharpey's fibers. x 4,325, mag. bar = 1pm
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Electronmicrographs of site 2 - sham treated incisors
showing morphology of bur lesion, normal adjacent CDJ, and
dentin/predentin/odontoblast junction.

FIG. 22A 3 day appearance of bur lesion showing dentin (D),
a periodontal ligament cell (L) apparently
producing numerous collagen fibrils, shown here in
cross section (small arrow). Large arrow shows the
close adaptation of a ligament cell membrane to the
altered dentin, and sandwiched between it and
the dentin is a mineralized substance (*), tikely
bone. Curved arrow shows X/S of odontoblast
process. x 20,300, mag. bar = lpm

FIG. 228 3 day appearance of normal CDJ at this site
showing reestablishment of normal fibrous
attachment to unaltered cementum (C) directly
adjacent to bur lesion. Curved arrow again shows
X/S of odontoblast process directly below
cementum layer. x 20,300, mag. bar = lpm

FIG. 22C 3 day appearance of dentin/predentin/odontoblast
junction below bur lesion showing negligible
predentin (P) layer. x 21,200, mag. bar = lpm
D:Dentin; OD:Odontoblast

FIG. 22D 7 day appearance of dentin/predentin/odontoblast
junction showing thicker predentin layer. x 20,300,
mag. bar = lpm
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Electronmicrographs of site 4 - sham treated incisors
showing bony repair taking place in the healing ligament,
and a normal CDJ due to the continuous eruption of the rat
incis or.

FIG. 23a^ 3 day appearance of the repair process showing an
osteoblast/cyte cell and it's process surrounded by
a mineralized collagenous matrix, bone (B). x
20,300, mag. bar = lpm

FIG. 238 7 day appearance of CDJ showing typical
morphology of cementum layer (C), cementoblast
(CE) and the extrinsic Sharpey's fibers. x 20,300,
mag. bar = lpm
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Electronmicrographs of 3 day site 2 - 52.6 I lcmL laser
treated incisor showing treated dentin, adjacent thermally
altered dentin, relationship of ligament cells to surface
dentin, and the dentin/predentin/odontoblast junction
directly below the treated dentin.

FIG. 24A. Highly fragmented
stained "char" (C)
have exuded from
appear sealed with
1pm

surface covered by densely
layer. Contents of dentinal tubule
them (*) and the tubule openings
debris. x 20,300, mag. bar =

FIG. 248

FIG. 24C

FIG. 24D

Junction between laser-treated (T) and laser-
altered dentin (A). Note highly fragmented surface
and disruption of collagen matrix as well as

interfibrillar ground substance in treated dentin.
Fibroblast (F) is closely associated with altered
dentin surface. Macrophage (M) type cell with
multiple foreign bodies inside is probably cleaning
up the vaporized debris. x 20,300, mag. bar = 1pm

Marked decrease in spacing between collagen fibers
of intertubular dentin. Peritubular dentin (arrow)
appears more densely stained than remaining
intertubular dentin. x 337,500, mag. bar = 100nm

Distinct layer of predentin (P) presumably the
product of this highly active odontoblast as

evidenced by the numerous mitochondria and
profiles of RER. x 20,300, mag. bar = lpm
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Electronmicrographs of 7 day site 2 - 52.6 llcmLlaser
treated incisor showing appearance of CDJ and
dentin/predentin/odontoblast junction.

FIG. 254 Appearance of the CDJ at the laser-treated surface
with newly forming cementum (C) and mineralized
matrix resembling bone (*) where the extrinsic
fibers of the cementum are arising. x 20,300, mag.
bar = lpm
D=Dentin

FIG. 258 Dentin/predentin/odontoblast junction directly
below Fig. 25A. Note absence of distinct predentin
layer, and quiescent state of odontoblast on the
right showing few mitochondria, and fragmented
profiles of RER. x 20,300, mag. bar = lpm
D=Dentin; OD=Odontoblast
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Electronmicrographs of site 4 - 52.6 J/cmZ laser treated
incisor showing both 3 and 7 day appearances of the
healing bony window, and the 7 day appearance of the
normal CDJ by virtue of the continuously erupting nature of
the rat incisor.

FIG. 264 3 day periodontal ligament cell closely resembles a
polymorphonuclear leukocyte that appears
to be in the process of cleaning up mineralized
debris. Phagocytotic inlets (arrows) housing debris
fragments can be seen. x 20,300, mag. bar = lpm

FIG. 268 3 day periodontal ligament cell resembling a

macrophage (M) appears again to be engulfing
mineralized debris in an area that appears to be a
newly formed mineralizing matrix. x 20,300, mag.
bar = lpm

FIG. 26C 7 day appearance of the healing bony window
shows osteoblastlcyte (OB) cell surrounded by a
more organized, and mineralized bone matrix (B). x
8,250, mag. bar = lpm

FIG. 26D 7 d,ay appearance of CDJ showing normal
relationship of cementum (C) to underlying dentin
(D) and overlying cementoblasts (CE). x 8,250, ma5
bar = lpm
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Electronmicrographs of 263.2 J/cm2 laser treated incisors
showing lesion surface, reparative dentin, and bone healing
in the affected ligament.

FIG. 27 A site 2 - 3 day - appearance of laser treated
dentin showing highly fragmented nature, and loss
of interfiber ground substance. x 20,300, mag. bar

= lpm

FIG. 27E site 2 - 7 day - appearance of laser treated
dentin showing side of crater wall with it's char
layer (C) and associated fibrin-like clot (F). x 8,250,
mag. bar = 1pm

FIG. 27c site 2 - 7 day - intertubular denrin immediately
below treated surface appears more amorphous,
than seen at the lower energy level. x 20,300, mag.
bar = llrm

FIG. 27D site 2 - 7 d,ay - appearance of reparative dentin
(R) formed by the affected odontoblasrs, in a
haphazard manner in response to this high laser
energy. Note it's highly mineralized nature. x
8,250, mag. bar = 1pm

FIG. 278 site 4 - 3 day - appearance of healing bony
window showing osteoblast (OB) and osteocyte (OC)
associated with mineralízing bone matrix (*). x
4,325, mag. bar = lpm
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Radioautographs prepared from 3 day site 2 incisor
fragments, showing the lateral surface odontoblasts and
corresponding dentin directly below treatment surface.
OD=Odontoblast; D=Dentin, x 2000, mag. bar = 1,0 pm

FIG. 281r Control - 30 minutes

FIG. 288 Control - t hour

FIG. 28C Control - 4 hours

FIG. 28D Sham-treated - 30 minutes

FIG. 288 Sham-treated - t hour

FIG. 28F Sham-treated - 4 hours
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Radioautographs prepared from 3 day site 2 incisor
fragments, showing the lateral surface odontoblasts and
corresponding dentin directly below treatment surface.
OD=Odontoblast; P=Predentin; D=Dentin; R=Reparative Dentin
x2000, mag. bar = 10 pm

FIG. 2gA 52.6 Ilcm2 laser treated - 30 minutes

FIG. 2gB 52.6 Jlcm2 laser treated - t hour

FIG. zgc 52.6 llcm2 laser treated - 4 hours

FIG. zgD 263.2 Ilcm2 laser treated - 30 minures

FIG. zgE 263.2 Jlcm2 laser treated - t hour

FIG. 29ß 263.2 Jlcm2 laser treated - 4 hours
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FIG. 30 Graph of grain counts/pmL ur. time after isotope
injection (hours) displayed by treatment group, and

comparing 35S-L--ethionine incorporation into the
various count areas, as a measure of protein
turn over.
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Graph of grain counts/pm 2 vs.
(hours) displayed by count area,

of treatment on the incorporation
measure of protein turnover.

b'), are statistically different
confidence Ievels listed below.
should enhance interpretation.

FIG.31A Dentin

time after isotope injection
and comparing the effect

of 3 5 S-l--*ethionine as a
Alphabetical symbols 'rarr

from one another, at the
The following Iegends

through rrt,r denote statistical signifigance. Like symbols,
compared within ^ time period on the x -axis (eg. b' with

NB* - Controt (C) = Sham-treated (S) at aII time periods
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FIG. 32^ Supranuclear
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FIG. 33
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DISCUSSION

Prior to presenting a discussion of the results, a few moments

will be spent discussing the following: why the laser was used in the

"focus" mode; why we used CW not PW; how and why the high and

Iow energy levels were chosen; why we chose the continuously

erupting rat incisor model; why 3 and 7 days after laser treatment

were the chosen time periods to analyse the data; and why only the

maxillary incisors were used for experimentation.

The COZ laser was used in "focus" mode to ensure the

reproducibility of beam - distance from source to target, and energy

delivered to the root surface. A continuous wave beam was chosen

to reproduce the experimental conditions and surface architecture

created by Cooper et.al. (1986) in their SEM study. Likewise, the low

energy density (52.6 Ilcm2) delivered to the root surface was in the

same range as Cooper et.al. (1986) (10-50 J/cm2), and was capable of

rendering the root surface more suitable for restorative bonding.

The high energy density on the other hand (263.2 [lcm2) was used

to create a lesion that would come close to penetrating the pulp, and

therefore stimulate the odontoblasts to secrete reparative dentin.

The continuously erupting rat incisor model was chosen due to the

highly active nature of the odontoblasts. It was hoped that even a.

small functional change in these cells, due to the effect of the laser,

would be detected through RAG. Also, due to the active nature of

these cells, it was felt that the 3 day time period after lasing would

show the peak inflammatory response to the laser insult, while the j
day response would be one of repair. only the maxillary incisors



140

were used in these investigations due to the ease with which the root

surface was exposed.

Surgical Tolerance

The response of the pulp to an irritant is dependant upon how

noxious the stimulus is, the duration of the stimulus, whether it is a

direct or indirect stimulus, the health of the pulp at the time of the

insult, and general animal health during the period of healing.

The first two variables were controlled in these experiments, the

stimulus in all cases was an indirect one via the dentin, and the pulp

health was assumed to be optimum prior to the surgical/laser

procedure. The latter condition was monitored by recording changes

in body weight over the testing period. Based on these recordings,

all animals, including controls, suffered from post-anesthetic stress

for a period of approximately 48 hours. During this time the

average weight loss was as follows: C = 3.2 gms, S = 'l .6 gms, 52.6
11

Jlcmo = 5.2 gms, and 263.2 JlcmL - 5.6 gms. However, alt animal

groups had returned to their pretreatment weight by 3 days post

surgery, and continued to gain weight up to 7 days post surgery.

This stress period could theoretically have an effect on the ability of

the pulp to respond to a noxious stimulus such as creating a smear

layer on dentin with a carbide bur, or a beam of laser energy.

The apparent weight loss at 7 days, in the 52.6 Jlcm2 group

(Fig. 5), is an artificial loss, due to the smaller mean weights at t=0 of

this group of animals. This 1 day group had a t=0 mean weight of

233.5 gms, and a 7 day mean weight of 265.6 gms. However, the

total t=0 mean weight, including the 3 day groups, was 2J6 gms, thus

registering a negative weight change. This also explains the
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significant

of animals

difference between the control and this low energy group

at t-J days.

cânnrn

When dentin is cut with either a hand instrument or a rotary

instrument, the mineralized matrix shatters producing varying

quantities of cutting debris. This debris consists primarily of very

small particles of mineralized collagen matrix, and is called a "smear

layer" (Eick et. aI. 1970) According to Pashley (1984), when

undemineral,ized specimens of cut dentin aÍe examined by SEM the

smear layer looks like an amorphous, relatively smooth, featureless

surface as illustrated in Figs. 6C & D. The thickness of this layer is

determined by the type of cutting instrument used, and whether it is

used dry on dentin or with a water coolant spray. The latter

produces a thinner smear layer than the former. Since a high speed

carbide bur without water coolant was used in these investigations,

to cut through the lateral cortical plate of the maxilla, one can

assume from this, and Fig. 6 that the smear layer was indeed an

intact layer of some depth. According to Brannstrom (1982) the

depths of most clinically produced smear layers is about 1-5pm.

Figs. 9A,B,C show the typical surface architecture and two

dimensional shape of the laser lesion created in dentin. The two

zones exhibited by this lesion were created in part by the "Gaussian"

type beam (ideal mode) generated by the COZ laser (Fig. 3a). With

this intensity profile, 867o of the beam's energy is directed

center of the lesion with the beam's intensity diminishing

the

it's

periphery to negligible levels. As a result, not all of the beam creates

a defect (Fig. 35). The peak power of the beam creates an area

at

at
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known as Zone I, and is due to vaporization of tissue leaving behind

a defect or crater seen in Fig. L4B between the large arrows. The

diameter of the defect or qater' produced is called the effective
spot diameter (ESD). The actual cratq shape is a function of not

only the intensity profile of the laser beam, but also the power

density delivered to the tissue (Fig. 37) (Wright and Riopelle, lgsz).

The focal spot diameter (FSD), used to determine the energy

density delivered to a given tissue, was "estimated" by measuring

with a microruler an imprint obtained with a brief exposure (0.1 sec

or less) to a test target with the power set at the level of the

instrument's intended use, but at a high enough power setting to see

a well defined lesion. In this instance, the 263.2 Ilcm2 energy level

was used to determine the FSD and hence the energy density. The

diameter of the central zone I, or crater was -200pm (Fig. 9b), while

the entire lesion diameter was -500 pm. zone 2, or the zone of

necrosis is immediately below and peripheral to the crater, and is a

result of only a small part of the beam's energy, visible in Fig. r4B

and outlined with the small arrows. Zone 3, or the zone of thermal

conductivity and repair is the most peripheral area of the laser

lesion. zone 2 and 3 are affected by about 147o of the beam's energy

(Fig. 36). zone 3 is seen in Fig. l4B as the area immediately below,

and lighter staining than zone 2. The apparent lack of the

characteristic two zones in the low power laser lesion as seen

through the SEM (Fig. 8C) could be that the morphology of the ourer

zorre, with it's lower energy has not changed, but perhaps a change in

its molecular affinity for chemical stains has caused it to stain more

intensely.
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Diameters of the necrotic and thermal zones are directly

proportional to the energy density of the beam, such that increases

in the energy density cause increases in the diameter of these zones.

Figs. 8C and l4A illustrate their extent in the 52.6 JlcmL lesion,

while Figs. 98 and 174 itlustrate the 263.2 Jlcmz lesion. These zones

have a diameter of approximately 100 pm and 250 p"m respectively.

Register and Burdick (1975, 1916) showed that cementum did

not form as readily on dentin covered with a smear layer, but in
those cases when repair did take place in the presence of a smear

layer, the cementum or periodontal fibers, or both, pulted away from

the underlying dentin during histologic processing, indicating a very

weak bond or attachment. This artifact can be seen in many of the

LM photomicrographs of the laser treated site 2's (Figs. I4A &. B,

184). Perhaps the newly vaporized/necrotic/thermally altered

dentin is not as attractive an attachment surface for the

cementoblast. The sham-treated site 2 section seen in Figs. 72A &. B

however shows an intimate adaptation of the periodontal ligament

with the apparent smear layer created on the dentin. This can also

be corroborated using TEM as seen in Fig. 22A where a mineralized

matrix (possibly bone) is being deposited directly adjacent to the

surgery site. This contradiction to the work of Register and Burdick

could be due to the continuously erupting nature of the rat incisor, or

a difference in the procedure for exposing the root surface. The fact

that the dentin surface has not been so radically altered in the sham-

treated lesions explains the preferential attachment to the bur-

altered dentin as opposed to the laser-altered dentin. The presence
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of bone at the sight of attachment repair is probably related to the

nature of the proliferative healing response. The stem cells in all

likelihood came from the bone marrow due to the severity of the

insult (Ten Cate 1989), i.e. using a dental drill to cut bone and

ligament, thus the synthetic phase was "osteogenic" in nature.

The presence of bacteria found in the surgical window wound

(Figs. 134&8) of the sham-treated group at 3 days could ultimately

delay the healing of site 4. In addition, the smear layer, a potential

barrier to bacteria, is sometimes known to house bacteria in the

clinical situation (Brannstrom, 1984). Both these factors could

potentially affect the odontoblast activity at site 2, and could be a

source of variability contributing to the significant difference

between the control and the sham-treated counts at the 30' time

period. The 52.6 Jlcmz group with its btocked or occluded tubules,

and the ability of the laser to sterilize the dentin would hinder the

ingress of bacteria down the dentinal tubules, and would sterilize the

surgical window wound. In the 263.2 Jlcm2 group however, the

open tubules in the outer zone of the laser lesion, created by removal

of the smear layer could provide a direct route to the pulp, but again

the laser's ability to sterilize the dentin surface explain why bacteria

were not found. This could explain why bacteria were found only in

the sham-treated, 3 day site 4 specimens.

Figs. l7y'' &. B, 184 &. B, and 19 show various laser lesion

profiles from the 263.2 llcm? group, and their corresponding pulpat

reactions. Fig. 17 A shows one of the most intense reactions seen at

the 3 day time period. In this section taken from the centre of the

crateÍ lesion, the laser energy actually contacted the odontoblasts
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directly (arrow) causing the pulp to respond by producing reparative

dentin to wall off the noxious stimulus. The lesion in Fig. 1BA

however, probably being taken from the wall or side of the cÍater

has not produced a pulpal response at all. This is likely because

these odontoblasts were not directly below the laser path due to the

plane of section. However the pulp in Fig. 79, shown at 7 days after

laser treatment, illustrates the indirect thermal effect of the laser on

the odontoblasts directly under the laser treated dentin. one

possible explanation for this appearance is that dentin, with its
higher water content than cementum (l}Vo vs 3Vo), and higher HA

content (7jVo vs 507o), would absorb the 10.6pm wavelength to a

greater degree than cementum, and as a result would cause a large

crater or vaporization zone as seen in Fig. 17 . Conversely, if the

prepared surface was covered in cementum, or perhaps bone, the

beam would not be as highly absorbed, and would therefore be

transmitted to deeper tissues, thereby effectively increasing the

zones of necrosis and thermal alteration. This thermal effect appears

to have caused the odontoblasts to degenerate, and the blood cells in

the pulp to coagulate in the vessels. In Fig. 11 the dentin subjected

to the laser beam could not absorb the entire energy which was

therefore absorbed by the pulp directly, causing the odontoblasts to

proliferate and form reparative dentin as early as 3 days post laser

treatment in this continuously erupting incisor system. The

variations in response could in part be due not only to the depth of

dentin being lased, but also to it's moisture content. The higher the

water content, the more energy is absorbed directly by the dentin,

hence the deeper the crater. The lower the water content, the more
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energy is transmitted causing a more predominant thermal factor.

Figure 24C also illustrates this point. Peritubular dentin, known to

be more highly mineralized than intertubular dentin, and therefore

lower in moisture content, appears darker staining even in the

dentin treated with the lower energy density.

All site 4 electron micrographs show active bone and ligament

repair of the surgical bony window (Figs. 23,26,218), despite the

type of treatment received.

Essentially, the morphological results, as illustrated by LM, EM

and SEM, reject the first part of the null hypothesis quite nicely.

Definite morphological changes in the dentin were evident in both

the high and low laser energy groups, consisting of an elliptically

shaped cÍateÍ, and a necrotic and thermally affected area of varying

depth and width. The odontoblast processes, intertubular dentin and

peritubular dentin in the affected area were vaporized, necrotized

and or thermally altered. The affected odontoblast cell bodies in the

pulp proper were damaged in both low and high energy groups.

Changes in the low energy group odontoblast cell bodies were

apparent only through the use of the TEM, and presented as

vacuolation of the mitochondria, condensation of cytoplasmic

contents, and the presence of abundant profiles of RER with dilated

cisternae, illustrating both damage and repair occuring

simultaneously. The high energy group odontoblast cell bodies

showed a loss of organelle membranes, an increase in vacuolations,

and a general loss of structural integrity in the cell illustrating

irreversible damage resulting in cell lysis. This damage was visible

through both light and electron microscopy. Although no mitotic
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figures were noted in either the high or low energy odontoblasts, the

volume and number of odontoblast cell bodies in the high energy

group, appeared to have increased in those cells actively involved in

the synthesis of reparative dentin, indicating proliferation and active

secretion.

The depth of bur penetration into the dentin as seen in Fig.

1 is somewhat variable. A concern therefore, with regard to the

remaining dentin thickness prior to laser treatment should be

addressed. Researchers have determined that the pulpal response to

laser treatment is greatly determined not only by those factors

already discussed, but also by the remaining dentin thickness prior

to laser exposure (White et.al. L994, Pashley et.al. L992). The

variability in the remaining dentin thickness prior to laser treatment

should be totally random, as each surgical exposure of the incisor

root was carried out in the same manner according to the protocols

already outlined, and therefore should not introduce any per group

bias.

Another source of variability in the surgical procedure comes

from the superior-inferior position of the laser/surgical

lesion. The position of this lesion is important, as the functional

status of the odontoblasts is affected by the type of dentin treatment.

Hence, if cross-group comparisons are to be made in an attempt to

determine the treatment effect, we must ensure that lesion sites aÍe

compared, not just areas of the pulp. In an effort to ensure this,

several areas of the lateral odontoblast layer, namely 1, 2 and 3 were

counted, and the lesion site was noted, during the RAG portion of this

study.
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The question of whether the effects seen above aÍe directly

attributed to the laser energy applied, or a combination of the

invasive surgical procedure and the laser energy, must be answered.

The surgical procedure caused a definite effect on the cemento-

dentin junction, the terminal endings of some odontoblast processes

and the intertubular dentin. An irregular shaped crater,

degeneration of a few odontoblast processes leaving a partial "dead

tÍact" or open tubule, and a condensation in the intertubular dentin

mimicking the laser-melted dentin aÍe apparent (Fig. I2A). The pulp

however remained unaffected morphologically by this insult, the

odontoblast cell bodies remained intact with no evidence of

degeneration (Figs. IzC, 22C &. D) and the synthesis of

predentin/dentin was not significantly different than the control

(Figs. 314 &. B). This was visible in both light and elecrron

microscopy. Therefore, the above degenerative effects in the

odontoblast cell bodies, and the direct effects on the dentin proper

and odontoblast processes, in both the high and low laser energy

groups aÍe a direct result of the laser energy applied to the lateral

root surface.

35S-l-Uethionine was chosed as the radioisotope of choice due

to it's high radioactivity (-1100 Cilmmol), it's presence in the alpha-

1 chains of type 1 collagen found in dentin, and the fact that it is not

reutilized by the cell. Therefore it can be used an accurate measure

of protein synthesis occuring during a specific window of time after

injection.
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Protein turnover within a cell at any given time is determined

by the rate of protein synthesis and the tate of protein degradation.

A steady state occurs when the rate of protein synthesis =
degradation. V/hen protein synthesis is

protein content occurs within the cell, and conversely, when

degradation is

Degradation can occur as a normal physiological cleansing of old

proteins, or as a result of pathological damage. If this cell is actively

involved in synthesis of matrix proteins for transport out of the cell,

this damage will proportionately affect the rate of formation of that

matrix. Radioautography has been used here to quantitatively

analyse the incorporation of 35S-methionine, as a measure of protein

synthesis within the odontoblast cell body and proximal processes,

resulting in the secretion of predentin, reparative dentin, or

peritubular dentin. The data, expressed as grain counts/pm 2 aÍe

definitely affected by the type of treatment the root surface receives.

Grain count data, for the dentin (Fig. 314) show that there was

no significant difference between the control and the sham-

treated groups at all 3 time periods, and therefore a steady state of

protein turnover existed, i.e. protein synthesis = protein

degradation. This was also the case at the 1 and 4 hour periods for

the supranuclear region, and the 30 minute and t hour periods in the

nuclear regions. However, the 30 minute time period showed a

significant increase in the grain count, therefore reflecting an

increase in protein synthesis in the supranuclear regions of the

sham-treated odontoblasts, while the 4 hour time period showed a

similar response in the nuclear region of these odontoblasts. This



150

variability in the data could be due to the factors previously

mentioned. The 52.6 J/cm2 odontoblasts and associated matrix

showed a remarkable similarity to the control and the sham-treated

group in terms of the LM and RAG results at the 30 minute and 1

hour time periods. In both the supranuclear and nuclear areas at the

30 minute and 4 hour time periods, there was no significant
difference between the 52.6 J lcmZ and the sham-treated

data. This was also true of the t hour nuclear grain counts.

However, the t hour supranuclear counts showed that the 52.6Jlcm2

counts were significantly lower than the sham-treated ones. These

variations are likely due to the factors already mentioned. The

difference between this group and the control or sham-treated

groups is the larger amount of predentin formed by 3 days post

surgery (Fig. 318) in this group, the EM appearance of the

odontoblast cell bodies (preliminary investigation), and the 4 hour

dentin grain counts illustrating a lower protein turnover in the site 2

odontoblasts for this group of animals. The larger amount of

predentin and lower grain count at 4 hours after injection of the

radioisotope (Figs.31A &. B), suggest that the organic marrix

synthesized by these odontoblasts is produced faster than either the

control or the sham-treated odontoblast cell bodies, thereby using up

the radioisotope more quickly. In addition, it is well known that

denaturation of proteins caused by high intracellular temperatures

can result in breakage of the weak covalent bonds. This renders

proteins more accessible to proteolytic enzymes, and could result in a

net decrease in protein synthesized with the labelled methionine, or

an increase in degradation, having the same net effect of a decreased
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grain count. Another explanation for the low grain counts found in

the control, sham-treated and low energy group could be that the

radioisotope was not taken up by the odontoblasts in sufficient

quantities to give meaningful results. In fact, Karpishka et.al. (1959)

found a similar response by the odontoblasts of young rats. They

stated that radioactivity in the cytoplasm of the odontoblasts, and at

the edge of the predentine at 30 minutes after injection showed only

a weak reaction band that was usually not distinguishabte. The

latter explanation seems to be the more feasible one. Perhaps the

metabolic need of these odontoblasts is not sufficient to cause a

significant increase in the uptake of methionine. Perhaps another

amino acid that is present in type 1 collagen in larger quantities,

such as proline, would have been a more suitable choice for the RAG

investigations.

The high energy or 263.2 Jlcm2 grain counts show a

dramatic difference from the 3 other treatment groups. In general,

protein synthesis occuring inside the lateral surface odontoblast cell

bodies (supranuclear and nuclear counts) at both the 30 minute and

4 hour time periods is significantly greater than all other

treatment groups. However, the direct laser effect on the

odontoblast cell bodies in area 3 of the putp did not significantly

alter protein synthesis from that of the sham-treated group as seen

in Fig. 32A. It has however, significantly increased protein synthesis

in the other 2 areas of the pulp, namely aÍea 1 and 2. Greco et.al.

(1939) in their work with cultured mitochondria noted an increase in

RNA and protein synthesis when subjected to only 5 Jlcm2 of He-Ne

laser energy. It seems likely then that this increase is due to
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synthesis of cell transcription proteins, and the resulting

proliferation of odontoblasts, to replace those lost due to laser

damage, and to meet the demand for repair through the synthesis of

reparative dentin. The low intracellular grain count at t hour after

injection illustrates a net decrease in protein synthesis likely due to

the transport of large quantities of the 3 5 S label outside the cell and

into the predentin/dentin.

According to Marchesini et.a[. (1992) the biologic half-tife of

methionine is 187 +l- 25 minutes for the normal population.

However, this half-life is sometimes dramaticalty increased by such

things as diabetes, cirrhosis, and post-surgical stres s that can

increase the methionine half-life for up to 3 days post-surgery

(sparks and sparks (1990), Marchesini et.al. (l9gz), vina er.al.

(1992)). Perhaps this could also be true for cells subjected to a high

enough dose of laser energy. If so, this could help to explain why

the 263.2 JlcmL counts are still so high at 4 hours after isotope

injection, along with the fact that repair of a mineralized tissue is

occuring possibty necessitating the recycling of the 3 5 s into the

glycosaminoglycans of the repaired matrix.
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CLINICAL RELEVANCE OF FINDINGS

This work confirms the theory that the severity of a stimulus applied

to the surface dentin determines the degree of odontoblast and

overall pulpat response. Further, even densities as low as 52.6 Ilcm2

of coz laser energy applied to the root surface may: cause a delay in

reestablishing periodontal attachment or the establishment of a weak

attachment; indirectly affect the ultrastructural morphology and

functional status of the odontoblast cell bodies due to the formation

of a dentin crater; thermally alter the dentin proper and odontoblast

processes; cause a loss of smear layer plugs in some areas, and an

overall increase in dentin permeability as illustrated by Pashley et.al.

(1992). While this may be true, the overall functional response of

the pulp, as measured by changes in protein turnover, was similar to

the sham-treated and control pulps. The minor variations, likely

causing some significant differences, were perhaps due to changes in

the remaining dentin thicknesses overlying the affected odontoblasts,

or the differing target surfaces as shown through SEM.

Therefore, it appears that with sufficient remaining dentin,

energies of 50 JlcmL could be used to condition the surface dentin

prior to restorative bonding (Cooper er.al. (1988)), and possibly to

remove carious dentin, without deleterious pulpal effects. Although

it appears that the odontoblast cell bodies are highly sensitive to

laser energy, even a direct "hit" did not cause total putp death, but

rather initiated an intense repair response. However, clinically, the

physiologic age of the pulp will play a key role in derermining rhe

nature of the pulp response, if any. In addition to pulp age, putp

volume and blood flow may be critical factors in determing the
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magnitude and type of pulpal response, with a larger pulp being able

to dissipate a greater temperature rise than a smaller putp.

Further longtitudinal studies are required into the utilization of

these higher energy densities to ensure that no long term deleterious

effects result.
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CONCLUSIONS

The following conclusions can

investigations:

drawn from these

1. A surgical technique was developed that was reproducible,

consistent, well tolerated by the animals, and provided intimate

contact between the altered root surface and the periodontal tissues

ensuring protection from the intraoral environment.

2. The high and low energy levels selected proved to be

appropriate for the rat incisor model, such that the low level

provided enough effect to visualize the lesion, but in fact had no

deleterious pulpal effects, while the high level had a dramatic effect

on the dentin, odontoblast processes and cell bodies, both

morphologically and functionally.

3. The surface architecture of the laser treated dentin varied

from loss of smear layer, to the presence of an ellipti caI qater caused

by vaporization of both hard and soft tissue (zone 1). This was

surrounded by zones of necrosis and thermally altered tissue (Zone 2

and 3 respectively), whose dimensions were determined by the

energy density.

4. Definite morphological changes were observed in the

intertubular and peritubular dentin, and the affected odontoblast

processes and cell bodies at both high (through LM and TEM) and low

(TEM only) energy levels. These morphological changes represented

be
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varying degrees of damage and repair, with the low energy level

showing only minimal signs of damage.

5. As a direct reflection of morphological change, a functional
change in both high and low energy affected odontoblasts was

detected through the use of RAG. Change in the low energy affected

odontoblasts consisted of a decrease in methionine incorporation into

the mineralized matrix at 4 hours. Both cellular and matrix

grain counts in the high energy group were significantty

higher than all other treatment groups, reflecting an increased

metabolic demand due to repair.
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APPENDIX

The following diagrams have been exerpted from the
manual by Wright and Riopelle (1982) in an effort to
explain various principles involved in laser/tissue
interacti o ns.

FTG. 34 Schematic representation of how the power density
profile of the laser beam affects the morphology of
the laser lesion. Impact diameter = effective spot
diameter.

FIG. 35 Zones of
the target
Necrosis,
Repair.

injury caused by laser beam impact upon
tissue. Zone 1= Vaporization, Zone 2=
and Zone 3= Thermal Conductivity and

FIG. 36

FIG. 37

Another representation of how the beam intensity
profile affects the laser lesion, or the impact
configuration. Impact configuration of the CO2 laser
beam is caused by the "basic mode" profile. The
focal spot diameter (FSD) is calculated from this
impact configuration, and is used to determine the
energy density delivered to the target tissue.

The effect of power or energy density on the
configuration and volume of the crater (zone 1).
These are the relative configurations of the low
energy (i.e. 52.6 I/cm2) and high energy (263.2
Jlcm?) laser lesions observed in many of the LM
photomicrographs.
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