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Abstract

Ct'.·

by

IRA HAROLD WEISS

This study dealt with the biological -esponses of the

tooth supporting apparatus to an application 04 force of sudden

onset and short duration. Four parameters wer selected, which
were believed to be especially sensitive to sinificant changes
in tissue respiration and energy dependent biophemical reactions.

The parameters selected for eval uation during force

appl ication were: oxygen tension; redox potentlal ; pH; and

temperature. All of these factors are extremey important in a
consideration of any biochemical reaction or clain of reactions

that either requires or liberates energy.

Electrodes and companion measuring sytems were
designed, tested, and applied to an k vivo model. Two animal

systems were utilized. One was the anterior maxillary dental

incisors of male hamsters. The perlodontal mepbrane in these
teeth was reasonably wide, and the bone sufficlently elastic to

allow the insertion of extremely thin redox seising electrodes.

The second animal model was the mandipular bicuspid

teeth in a female dog. This model permitted tie appl ication of
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calibrated forces and also the access to the

*··' "r--,=kne· (1) an apicoectmy in the area of
the distal root of the mandibular first bicu&pid, (2) direct

contact wi th the periodontal membrane througll the pulp chamber

of the distal root of the mandibular first blcuspid.

The important observations, findings, and conclusions

from this study may be summarized:

1

2

3

4

5

6

7

8

9

. The periodontium in the hamster incior undergoes
changes in its redox potential durint sudden force
application;

. This alteration tends to drive the baseline value
to increased negative potentials;

, This increase in redox negativity sh6ws a linear
response in the force range of 1 to 4 ounces;

. The negative increase per ounce of force is in

the range of approximately 122 millivolts;

. The recovery time after force removdl--expressed
as the time in seconds to restore the previous

redox baseline value--tends to incrase after 2 oz.of force;

. The 50% recovery rate of the increaded redox val ue
is markedly increased with a 4 oz. load which shows
evidence of having caused damage to Ithe tooth
supporting apparatus in the hamster'Js maxillary
incisors;

This study developed the technique to conduct
polarographic analyses in the periocontal membrane
of the hamster incisor;

, Using this analytical electrochemicil analysis,
an oxygen concentration fall was de®nstrated in
the hamster periodontium during fore application;

. This oxygen fall was immediate on frce applica-
tion, and a recovery of normal oxygln levels began
as soon as force was released.
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10.

11.

12.

13.

14.

There seemed to be an indication that, this
fall in oxygen was proportional to tile
applied force in the 1 to 4 oz range.I The
relationship was not as definite as that
seen in the redox change;

There appeared to be a slight increase in
the acidity of the periodontium in tre
mandibular bicuspid region of a dog turing
force application;

t

64

The increase in acidity was very slicht,
but positive. An increase in aciditr
equivalent to 0.11 pH units occurred
after an application of a 390 gram force
for 6 minutes duration;

A decrease in temperature in the per:apical
region in the mandibular bicuspid area was
demonstrated;

The temperature fall varied with the force
applied. The application of 610 grams of
force caused a reduction in temperature of
.77'C after five minutes.

iV
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INTRODUCTION

The science of orthodontics can be roujhly categorized

into two areas of knowledge. One is the mecha,ical basis for

tooth movement, which accomplishes its goals bl delivering forces

to the periodontium through the banded teeth. IThe application of

these forces changes the pre-existing biologic equilibrium, which

results in tooth movement. This second area of knowledge, which

deals with the underlying nature of the biologic response to

forces, was recognized early as an essential plrt of the field of

orthodontics. F. Noyes in 1942 stated: "It seems axiomatic...

that mechanical forces applied to the teeth ar6 not used to pro-

duce mechanical movement, but are used as biolgical stimul i toset up vital reactions in the tissues."1

The quest for knowledge of the biologit response contin-

ues. Some milestones are reviewed by Reitan.2

T ,

44.

"Sandstedt first observed hyalinized tssue in
the periodontal membrane, and Schwarz rediscov-
ered this interesting biologic phenomenon; in
the field of transfonnation tissue, Sither was
the first to show that there is a constant re-

arrangement of periodontal fibers durihg tooth
eruption, a finding which was later co¢robora-
ted by Orban in studies on human material. "

Parameters expressing tissue respiratijn and metabolism,

namely redox potential, 02 tension, pH, and teperature were
studied in the present experiment to test a new electrophysiolog-

ical, in vivo approach and a new quantitative technique for

-4
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analysis in the periodontal membrane subjected to orthodontic

forces.

It is generally acknowledged that among the array of

metabolic changes that occur upon application of force to a

tooth, that there is a general collapse of th, vascular bed on

the pressure side of the periodontal membrane'inhibiting blood

flow to the area. The emphasis at this pointlis not to state

that pressure causes resorption, and tension deposition, as this

issue has been questioned by Baurnrind in his Lrticle on a re-

consideration of the propriety of the "pressure-tension" hypoth-

3 ,4

esis, and Enlow in his book on Facial Growth but to acknowledge
that there is a decrease in blood flow to the area. This decrease

in blood flow can be measured in the considertion of 02 content
in the area and in the subsequent change in pH, oxidation-

reduction, and temperature.

5
An investigative study by Bien and Ayers questioned the

effects of blood flow in the periodontium wit regard to forces

acting on the maxillary incisor. Pressures were exerted on the

periodontium which exceeded capillary blood p,ssure. Their

findings were that in general the periodontal membrane is made

up of a fine network of capillaries taking their origin from

upward coursing vertical system of arteries, partly buried in

bone and emptying into a downward coursing vertical system of

"an

veins interlaced through randomly oriented collagen fibers. "
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This makes up a complex hydrodynamic structure in which

three independent fluid systems interact with each other. These

systems are: "(1) The circulatory system of bood and lymph
which course within vessel walls; (2) the viso-elastic system
made up of the cells and fibers of the periodontium; and (3) the

extra-circulatory system of interstitial fluics which fill the

spaces between the cells, fibers, and vessels..." Their conclu-

sions were that ".. .blood flow gives the pericdontal membrane

the characteristics of a hydraulic damper."5 The study by

Gianelly,6 "Force-induced changes in the vascilarity of the

periodontal ligament," also concluded that "tt e type of resorp-

tion is related to the integrity of the periocontal membrane

which in turn, is dependent on the vascularit, of the membrane."

He went on to theorize that forces which OCclide the vascular

network of the ligament led to the process of undermining re-

sorption and forces not occluding the vascular network stimulate

frontal resorption.

It is basic that an in vivo study undrtake these met-
abolic parameters just outlined. Then the orlhodontists of the

future could begin to monitor the forces bein, delivered to such

an optimum range,so that as 1 ittle harm to thi periodontium as

possible, with the greatest amount of tooth Incvement, can occur.

As stated by Lehninger,7 the "measure,ent of pH is one

of the most comnon and useful analytical procdures in biochem-
istry, since the pH determines many important 'aspects of the

-4
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es and thus of 4-24

wo ways of

olysis which ac-

structure and activity of biological macromolecul

the behavior of cells and organisms. There are t

deriving energy in the body. One is aerobic ryc
tively uses 02 to generate energy. The other, anaerobic glycol-
ysis, by its name means without oxygen. By-prducts of this
anaerobic process are lactic acid and pyruvic cid, which accu-
mulate in tissues where this form of glycolysi occurs. Monitor-
ing acid, or, stated biochemically, hydrogen ibn production gives

some insight into the degree of this anaerobic process, partic-
ularly if the blood flow to the area is diminished and cannot

carry away acid products formed, or exert its strong protective

buffering action. Therefore hydrogen ion geneation in tissue
may be expected if there is a compromise of blood circulation

which usually entails a slight diminution in 02 availability.

One might expect that a decrease in 02 tensionwould have a
tendency to increase anaerobic glycolysis as a' compensatory mech-

anism.

Mast cell s have been shown to respond immediately to the

application of force, according to Yamasaki et al.8 This
response is expressed by an immediate discharg of products con-
tained within the granules of the mast cells, 5uch as muccopol-

ysaccharides, amines, and other enzymes. These products are

highly charged and may change the pH in the area for a short

period of time. 1

-4-
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Closely related are pH changes to the solubility of hy-

droxyapatite crystals which are the predominan crystals in
organic components of enamel, dentin, cementum and bone--
components which make up the hard structure arhitecture of the
tooth supporting apparatus. In past research berformed by this

investigator to measure the rate of solubility,of enamel surface

to pH, it was noticed that hydroxyapatite concpntrations are very
sensitive to changes in pH. In that study, calcium lon activity

was measured with a specific ion electrode on inamel surfaces

exposed to buffers of various pH levels.

It is widely accepted that localized acidity in the

living system favors bone resorption.
9

Oxidation reduction reactions as defined by Lehninger,

"are those in which there is transfer of electrons from an elec-
tron donor .... to an electron acceptor. " The standard oxidation-

10..
reduction (redox) potential . E, ..... is defined by Lehninger "as

the electromotive force (emf) in volts given by a responsive

electrode placed in a solution containing both the electron

donor and its conjugate electron acceptor at 1.0 M concentration,

at 25 C and pH 7.0. The electrode must be able to accept elec-

trons from the electron donor and donate them to the conjugate

electron acceptor. Such an electrode immersec in a mixture of

the conjugate redox pair constitutes a half-c,-Ill." In many ways

redox can serve as an essential parameter for the expression of

L



alterations in metabolic activity and therefore subtle changes

in oxygen concentrations. It is a known fact in microbiology

that anaerobic microorganisms can only be adeqluately cultured in

media that are low in 02 tension, and usually manifest very neg-

ative redox potential s. The pathways to energy consist of a

series of steps in which the hydrogen atom possessing a -.421

volt redox potential is combined and reacts with oxygen,

11 It'is this change inpossessing a +.816 volt redox potential.

electromotive pressure of 1.2 volts, which in the final analysis

provides the energy to carry out all activities in living sys-

tems that require energy input.

Thus it is seen that metabolism, oxygen tension and

hydrogen ion concentration are all intimately 1 inked in the

energetics of the 1 iving system. Therefore mnitoring these
fundamental expressions of 1 iving dynamics in the periodontium is
most central to a fundamental, in-depth understanding of the

mechanisms of tooth movement at a molecular level. While appar-

ently no investigator to date has made measurements of the redox

potential in the periodontal membrane during ippl ication of

forces to the tooth and supporting structures I it is interesting
to note that a recent study 12 addresses the ubject of the redox
status of growth plate cartilage in the rachiic chick. The
findings were that "...chondrocytes in the radhitic growth plate

are in a relatively reduced state. The least peduced zone is in

.virri '173
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proliferating cartilage ..... In addition, these analyses reveal

that the total concentration of NADH and NAD in all zones of the

growth plate is very low. It is concluded that Vitamin D mod-

ulates the metabolic activity of cells associated with the min-

eral ization of the extracellular matrix. " I other words,
Vitamin D deficient animals have a decreased netabolic activity
in association with the mineralization of thel extracellular

matrix.

The showering of mast cell products i r an area of

pressure, such as serotonin and histamine, both of which are

highly charged particles, contribute to the cange in redox poten-
tial. It is not inconceivable that the immed'iate expression of

the mast cell degranulation can generate a loal response or
change in redox potential which could then be felt by biological

13
transducers. As mentioned by Becker, this tould then make the

appropriate response to initiate bone resorption or apposition.

As mentioned earlier in reference to he work of Bien
5 6

and Ayers and Gianelly, the decrease in blood flow due to the

occlusion of the vascular network caused by orthodontic forces

most definitely affects the oxygen tension in the area and would

probably be expressed as a decrease in oxygen tension. This

decrease in oxygen tension must have a profouid expression in the

activity of the adjacent cells, and this has ieen in fact pro-

posed by several investigators. 



-8-

One study by Brighton and FriedenbE
14

Brg measured the

effects of electrical stimulation and oxygen tension. Some of

their conclusions were: " .... that the oxygen tension at a bone-

cartilage front is low ......Several investigators have indicated

that both epiphyseal plate cartilage cells anc bone cells follow

predominantly an anaerobic metabolic activity .... " They went on

to conclude that in zones of hypertrophy and especially at the

bottom of the zone of hypertrophic cells. the oxygen tension is

low and glycogen is almost entirely used up. 
Another theory which seems possible is that the

'mitochondria near the bottom of the zone of typertrophic cells

or at a newly forming bone front in the callus of healing frac-

tures, because of oxygen and energy source dep,rivation, rel ease
15

calcium into the extracellular matrix. This calcium may be the
initiating factor for the extracellular matri*'s calcification

process. Another observation was that voltage of the range of

10-20#A at a potential less than 1 volt in the area of the cath-

ode has two effects..."..namely the lowering of the local oxygen

tension and a raising of the local pH. A decrease in oxygen

tension is favorable to cartilage and bone fornation...this could

be due to ....differentiation of multipotential cells into car-

. 16
tilage and bone-forming cells. ·· A further conclusion was

that endochondrial bone formation, or cartilage calcification,

is sensitive to an increase in pH.

U
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The present investigator has been unable to find reference

to 19· vivo measurement of the dissolved oxygen in the periodontal

membrane under force appl ication. One of the  reasons for this may
be that the electrode most used to measure physically dissolved

oxygen (the Clark Electrode) is too large to fit into so minute a

space.

One of the goals of this investigatio was to apply force
and then obtain a detailed profile of a seleded number of the

intermeshing parameters that yield insight into the active met-

abolic responses of cells located in the tooth supporting

apparatus.

One of the selected parameters, temperature, is a fre-

quently used biological monitor for sensing changes in the met-

abolic rate of a living system. Patient's temperatures are taken

orally to monitor states of health. Temperature readings are

taken in the leg to monitor alterations in blood flow during sus-

pected cases of vascular changes in the lower limb (e.g. frost

bite, arteriosclerosis, gangrene). One of the cardinal signs of

inflammation is an increase in temperature in a localized area

due to an active hyperemia in the initial states of the

inflammatory response.
17

An interesting, unpublished pilot study by Batterman

deals with the use of infrared sensors to detect heat and spot

cavities in the oral cavity. According to Batterman, the
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detection of gum diseases and inflamed joints will also be

possible. Thermograms for the detection of b•east cancer are

also now widely used.

Thus, in the present study, temperatu •e changes that

occur during the application of force to the tooth and supporting

structures are monitored as one of the sensing parameters of

important biological changes.

t



METHODS AND MATERIALS

This section is divided into four sepirate parts outlining

the four different biological parameters tested.

Oxidation-Reduction Potentials

The term "redox potential" will be used interchangeably

with "oxidation-reduction potential' for the ;ake of convenience

or to conserve space in the labelling of charts.

Redox potentials were measured utilizng a No. 10 Kerr
endodontic file as the redox sensing electrod. This file is ex-
tremely thin (100 microns at its thinnest)* aild yet exceedingly

flexible. It is made up of sharp filing flutes which permit one

to work it into the thread-like curved canals often seen in many

molar teeth. This probing electrode proved ideal for penetrating

the periodontal membrane and insertion into the resting position

seen in Plate VI. This was referenced against a silver/silver

chloride electrode. During the course of this experiment, dif-

ferent reference electrodes were fabricated U best conform with

the configuration of the particular area where the measurements

were being conducted. The reference electrods were all con-
structed the same way--starting with pure silk,er onto which a

silver-chloride layer was electrically plated. This was done by
*The tip of a #10 K-Type file is 0.10 mm (100 microns), and

it shows a gradual taper of 0.02 mm (20 micros) per n,n in its 16mm length.

1

-11-
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rannortlnr, tho cilver wire +A tho a

:r

......./ - .¥ .... .node (posi tive pole) of a

simple direct current source derived from a direct current step-

down transformer (Sharp Model AD-112 power sukply, output DC 12 V

lA). Two potentiometers were wired to the trinsformer in order

to regulate the amount of voltage and current generated. By

controll ing the voltage and current densities, the rate at which

silver chloride was formed on the electrode surface was also con-

trolled. A standard metal paper clip was coniected to the cath-

ode (negative pole) to complete the circuit. An electrolytic

 rt.

44

NaCl sol ution was util ized in the plating procedure for the pur-

pose of completing the circuit and to provide chloride ions for

deposition on the silver electrode. The strength of the

solution was adjusted to control the rate of ;ilver-chloride

deposition. Plate I illustrates the plating }rocedure.

After the pl ati ng procedure was completed, all the

silver/silver chloride electrodes were carefuly washed and then
tested using a high resistance potentiometer ,Plate II) against

a commercial reference electrode for correct ,oltage and stabil-

ity. A pure silver earing was plated, utilizing the procedure

previously described. This proved very stable and was extremely

useful for fixation to the cheek or palm, areas selected for

anatomical reference points. The redox sensi,g electrode was

cleaned of any surface impurities or oxides ad tested against a
reference electrode in an in vitro system befre utilization in

the animal. This redox electrode was then inserted into the

.*Ik¢ '>1
/0,4/:fa-=f.6,4
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PLATE II

(UPPER) HIGH RESISTANCE POTENTIOMETER
(used in Redox and pH Measurements)

(LOWER) VOLTAGE REFERENCE SOURCE

(used to calibrate the meas,ring systems and
the chart recorder)

1,9--7-,

-15-
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interproximal periodontal membrane of the upper incisor of an

anesthetized male hamster, making sure to stay parallel to the

root surface. Plates VI and VII show the rlative placement of
the Redox sensing electrode in the periodonal membrane. The
anesthesia regimen consisted of 1 cc of Acep|romazine (Ayers Co. )

in 10 ml of Ketaset (ketamine HCl, Bristol 0.). Three-tenths
of a ml of this mixture and 0.1 ml of Rompum (xylazine, Haver

Lockhart Co.), were injected intramuscularly in the thigh area.

The anatomy of the maxillary anterio incisors and the
relatively broad dimension of its periodontal membrane allowed

good placement of the electrode. Plates IV, V, VIII, and IX
show a histological section of the hamster nxillary anterior
incisors, with and without placement of the electrode.

The reference electrode, as shown in Plate III, was

clamped to the hamster's cheek. Both electrodes were connected

by alligator clamps to a high resistance potntiometer (Orion
Model 701A digital pH/mv meter). The purpose was to record the

potential difference between the redox sensilg stainless steel

electrode and the reference electrode. This potential difference

was fed to a potentiometric chart recorder (inear Instruments
Corp.), as seen in Plate X which was set at  chart speed of
10 cm/min. Forces ranging from 1-4 ounces were applied to the

1ncisal edge of one of the maxillary central 1ncisors. The

other incisor was kept stationary by holding a rigid object
against the distal surface of the tooth, and'an attempt was made

to maintain each of the forces for approximately 1/2 a minute.

V

te:min40*
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PLATE III

MALE HAMSTER

A. Redox electrode

B. Reference electrode

(Pure silver earing plated with a layer of
silver chloride)

S. -
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PLATE IV

HISTOLOGICAL SECTION OF THE REGION
BETWEEN THE TWO MAXILLARY INCISORS

IN A MALE HAMSTER

(Magnification x 50)

A. Cementum

B. Periodontal Membrane

C. Alveolar Bone

1
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PLATE V

A REGION IN THE PREVIOUS SECT]ON AT
INCREASED MAGNIFICATION

(Mag. x 140)

A - One of a linear chain of 41ood
vessels in the periodontium

-22-
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LATERAL VIEW OF A DISSECTED BLOCI¢ SECTION
OF THE ADULT HAMSTER'S MAXILLARY 'INCISOR

AND SUPPORTI NG ALVEOLAR BO'lE

(The relative position of the redox or
oxygen sensing electrode is shown)

-24-

PLATE VI
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PLATE VII

LATERAL VIEW OF A RADIOGRAPHIC APPROXI
OF THE POSITION OF THE REDOX OR OXYGEN

ELECTRODE IN AN ADULT MALE HAMSTI

-· c. ii U
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PLATE VIII

THE APPROXIMATE PLACEMENT

OF THE REDOX OR OXYGEN SENSING ELECTRODE
IN THE PERIODONTAL MEMBRANE OF AN

ADULT MALE HAMSTER'S MAXILLARY INCISOR

(Magn.- x38)

A. Redox or oxygen sensing electrode
(Tip diameter is 100 microns
before magnification)

B. Periodontal membrane

1 81

2trji
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PLATE IX

AN ENLARGEMENT OF THE PREVIOUS SECTIOW SHOWING
THE APPROXIMATE PLACEMENT OF

THE REDOX OR OXYGEN SENSING ELECTRODE IN 11'HE PERIODONTAL

MEMBRANE OF AN ADULT MALE HAMSTER'S MAXILARY INCISOR(Magn. x 70)

A. Redox sensing electrode 
(Tip diameter is 100 microns before, magnification)

B. Periodontal membrane

C. Approximate distance between blood vessels and electrode

' <Nts,
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PLATE X

POTENTIOMETRIC CHART RECORDER
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Oxyge,-, Ta,·uion (C-4'62' Concentration)*

Oxygen tension was measured by an oxypen electrode which

was constructed from a No. 10 endodontic stailess steel file,
charged with a potential of -700 mv and refer6nced to a silver/

silver chloride electrode. The reason for thi -700 mv charge

will be discussed later, but it is at this nelative potential

that oxygen accepts electrons and this acceptnce can be meas-
ured by a procedure called the polarographic malytical technique.

This is the same analytical approach used to measure dissolved

oxygen with the Clark electrode, which is widaly used in industry

today. In the polarographic technique, a vol tage is superimposed

on an electrode immersed in a solution. The oltage has suffi-
cient electromotive potential to force an elebtron acceptance by

the ion or molecule being analyzed in the sol,Ition. As the ions

or molecules (in this case, the oxygen molecules) accept elec-

trons, the degree of reduction occurring is measured by means of

a recording of the increase in current flow. Thus, a polarograph

analysis generates a current-voltage curve. By scanning slowly

through a voltage range, and recording the rent flow varia-

tions, one can analyze numerous substances the energy and

steps required for their oxidation or reduction.

The construction of the oxygen sensigg electrode
utilizes a No. 10 Kerr endodontic stainless steel file covered

cu,

ad

*In this study, the term, "oxygen tension" will be used
interchangeably with "oxygen concentration".

I /43 0.1  4,74:. 1

-: 7. A 1 •· 4



-35-

by a silver paint. This paint is used to repiir printed cir-

Cuits dilu or les lo a ledbondbly hard finish. The surface is thus

composed of almost pure silver with virtually no other metal

contaminants. The coated surfaces were inspected under the

dissecting microscope for gross imperfections and checked by

observing their potential and stability against a silver/silver

chloride electrode in an isotonic saline solution. In order to

determine if this electrode was sensitive to dissolved oxygen,

complete polarographic analyses were run, one at room temperature

in isotonic saline, and the other in the periodontal membrane of

the adult male hamster. (The identification If 02 by this anal-

ysis will be discussed later after a few basic concepts have been

defined.)

The placement of the 02 sensing electrode, the reference

electrode, and the anesthesia regimen were th same as in the

redox experiment. In the experiments wherein xygen concentration
was monitored, two methods of force applicatin were utilized.
First forces were applied to the hamster's maillary incisors by

means of a hemostat pressing the incisors togther. This force,
while not calibrated, was of sufficient magni-.ude to ensure a

maximal compression of the vasculature within the periodontal

membrane. Once ascertaining a range for a severe compressional

force, an attempt was then made to measure fo-ces in the 1-4 oz

range using a Dontrix Gauge.



-36-

8 romnlete nal,rnraphic analysis refers to a slow scan

of the voltage range from 0 to -1000 mv. The silver 02 sensing

electrode was made negative throughout the scan, and the refer-

ence electrode was connected to the positive :erminal . The

polarographic circuitry with which the scan was conducted is

contained in the device seen in Plate XI. It consists of a pre-

cision motor which revolves at a slow rate of one revolution in

six minutes. This motor drives a six turn potentiometer which

generates a slowly increasing voltage from a 4.35 volt battery

to the electrodes.

The current fl ow in the ci rcui tis mesured by feedi ng
the potential drop of a resistor to a potenti6metric chart re-

corder with a set constant speed. The voltag generated at the
oxygen sensing electrode in the isotonic saline solution and in

the periodontal membrane is read on a digitallvolt meter

(Keithley) which is wired in series. Plate X[ shows the set up

for the complete polarographic analysis. Onc.1 the analysis was

generated, it revealed the classical series of reductions seen

in isotonic saline.

Figure 1 shows a steady state current for an open type

oxygen cathode in unbuffered aerated 0.1M NaCl solution, as a

function of polarization potential (adapted f·om Davies18,) , and
this is almost identical to that obtained in he present study.

From this it was possible to identify the reg on in which oxygen

k?4•.
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PLATE XI

COMPLETE POLAROGRAPHIC ANALYSIS INSTRUMENTATION

LEFT: Polarographic circuitry RIGHT: Dig· tal Volt Meter
(Ke' thley)

1
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Figure 1
23

(From Davies, in-Naituck, 1962)
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was being reduced and the vol tage needed for ts reduction. It
was concluded that the most sensitive and statle potential for
oxygen measurement is -700 mv, which was thereafter the voltage

utilized. In order to ascertain that a small fall in oxygen

could in fact be detected by a silver electrode at -700 mv, a

hypodermic needle was modified to represent a miniature self-

contained air tight oxygen sensing chamber, at seen in Plates

XII and XIII. A scan of a O to -1 volt charge was run through

the silver electrode and the silver/silver chloride electrode
was connected to the positive pole to complete the circuit. An

isotonic saline solution was aspirated and th, analysis was run

to generate a current-voltage curve. This was used as the con-

trol . Next, a fresh isotonic sal ine solution was brought to a

vigorous boil. This brought molecules of 02  the surface of

the solution, thus depleting the 02 content o the solution, and
the solution was then aspirated into the syrirge and cooled to
room temperature. It was noticed that the silver had been re-

moved from the electrodes, so this experiment was repeated with

new electrodes but two syringes were utilized:  one to aspirate
the boiling saline solution which was cooled to room temperature;

and the second, the oxygen sensing syringe, ir serted into the

first syringe and the solution was aspirated. Then a new

polarographic analysis was generated.
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PLATE XII

HYPODERMIC NEEDLE

MODIFIED TO REPRESENT A MINIATURE SELF-COh TAINED, AIR-TIGHT
OXYGEN SENSING CHAMBER
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PLATE XIII

(UPPER) ELECTRICAL WIRING TO PLUNGER OF 0 (YGEN SENSING
CHAMBER

(LOWER) 02 SENSING ELECTRODE ON SURFACE Or RUBBER PLUNGER
and below that a

REFERENCE ELECTRODE ON SURFACE OF RUBBER PLUNGER



· 11·*

ij
F'

7'.

j



"-71,

-45-

Hydrogen Ion Concentration (pH) Studies

In the series of studies to determine pH in the perio-

dontium, a larger experimental animal was usec because the

sensing electrode was too large to insert into the periodontal

membrane of the hamster model used in previou  experiments. A

one-year old female Labrador Retriever was anesthetized with 40

mg of morphine and 1 cc of atropine, injected subcutaneously,

and 10 cc of Nembutol injected intravenously.  She was then

intubated ready for surgery. A surgical attelppt was made to gain
access to the periapical region of the lower first bicuspid with

a semi-lunar flap. Once the flap was retract , the approximate

area of the apex surrounding the first bicusp was located, and

a circumscribed section of the buccal plate was removed. An

endodontic file was gently manipulated to crete a channel of

conmunication with the surgical preparation aId the periapical
region. This allowed a sampling of the periapical fluids by the

pH sensing electrode positioned in the surgic#lly created hole.

Another hole was created on the opposite side of the first bi-

cuspid so that pH changes that occurred on bo:h the pressure and

tension sides could be determined during force application.

Braces were put on the molar, second bicuspid, and first bicuspid

by means of the Ornco one-step bonding system, as ill ustrated in

Plate XIV. The entire surgical set-up is shown in Plates XV and

XVI. However, this approach, while surgicall successful, had to

F.
44
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PLATE XIV

BONDING PROCEDURE

(UPPER) ORMCO ONE-STEP BONDING SYSTEM

(LOWER) PLACEMENT OF EDGEWISE BRACKETS 
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PLATE XV

(UPPER) SURGICAL SET-UP FOR pH AND T EMPERATURE STUDIES

(LOWER) SURGICAL OPENING TO THE PERI)DONTIUM
IN THE PERIAPICAL AREA OF THE

MANDIBULAR BICUSPID IN THE FEMALE DOG

I
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PLATE XVI

PLACEMENT OF pH ELECTRODE IN DISTAL APICAL PREPARATION

-50-
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be abandoned because the glass electrode was very fragile and

broke after a few initial runs upon insertior. into the rigid

cavity of bone.

Plate XVII shows a radiograph of the surgical area

packed with amalgam to ascertain the positior of the apex and

its relation to the two surgical cavities. A new approach was

then attempted. Close inspection of the radiograph of the first

bicuspid revealed a straight canal extending to the apex. It

seemed possible that this canal could be enl,rged to a No. 80

file size (.8 mm). If a pH electrode could then be inserted

into the canal to the approximate apex, this would permit con-

tact with periodontal tissue in the area of the apex and thus

permit monitoring of pH changes occurring during force applica-

tion. A search of supply catalogues for the Smallest glass

electrode commercially obtainable with a protective sleeve was
done, and the availability of an appropriate ininiature electrode

was determined. This electrode (Micro-electronics Inc.), con-

sisted of a glass pH sensing electrode encased in a No. 28 gauge

syringe stainless steel needle. The outer diameter of the

needle was 0.8 mm and its length was 12 mm. he sensing glass

was shielded by a beveled point. In addition to breakage resist-

ance the shielding proved advantageous for another reason: a

better resolution of pH was possible. This new electrode had

the capability to ascertain changes to within a few hundreds of

a pH unit. This was essential, as the pH changes during force

ilimilillillilill==#qi
1314



-53-

t

PLATE XVII

RADIOGRAPH OF THE MANDIBULAR LEFT POSTERICR QUADRANT

A. Bone markers placed to ascertain the relative
position of the surgical opening to t4e mesial
and distal aspects of the root apex a<

B. pH sensing needl e type electrode posi:ioned in
the distal canal in the approximate a ·ea of the
apex

C. Both root canals filled with gutta percha and
the entrance preparations with silvel amalgam
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appl ication were expected to be small. Th* electrode was cal-

ibrated in a series of buffers (Markson stndard buffer solution)
in order to monitor accuracy, reproducibility, and response time,

(Plate XVIII.) The pulp chamber was exposed in the lower first
mandibular bicuspid with a #4 round bur. 1he canal was debrided

of pulpal tissue and enlarged by a #90 Kerri endodontic stainless
steel file, which is .9 mm in diameter. The electrode was then

inserted to a distance of 12 7, roughly aproximating the area
of the apex as seen in the radiograph (Plat XVII). A drop of
isotonic saline was placed in the canal to establish liquid con-

tact with the periapical fluid environment.  Blood was present
in the canal, which indicated that a commun cation had been made

with the periapical area. A micro referenc electrode (Silver/
Silver Chloride Reference El ectrode Model Nc 2 01973)**was placed

in contact with the side of the tongue,as seen in Plate XIX.
The two electrodes were connected to an Orio Model 701A pH
meter and the range set at its most sensitiv position (.01 pH
sensitivity). The recorder used was the sam as in the first
two experiments. Forces were applied by plaking Unitek elastic
loop modules of varying sizes ( two up to five) onto the molar

and first bicuspid, producing progressive increases in elastic
pull between the two bonded teeth. At one point of application

the molar bond broke, so the el asti c force wa s pl aced between
the second and first bicuspid instead.
** 1Ionetics Inc.
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PLATE XVIII

MARKSON STANDARD BUFFER SOLUTION pH 4-8

(Used to calibrate the pH electrode and to
measure the pH sensitivity of the nedox
electrode)
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PLATE XIX

pH ELECTRODE PLACED IN THE PULP CliAMBER OF THE
DISTAL CANAL OF THE MANDIBULAR FIFST BICUSPID

SILVER/SILVER CHLORIDE REFERENCE ELECTRODE
PLACED IN CONTACT WITH THE SIDE OF THE TONGUE

h'.=1,21
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During L- pc,-13 of :irr: 82;,lication, the electrode recorded

any subtle changes which occurred in pH. Plat XX shows the
lower left first bicuspid after the gutta perca root canal

filling and subsequent amalgam restoration. (hile not central
to the study, these were done so that the labrador retriever
would not experience subsequent pain, and woull have normal eat-

ing function.)

In order to determine the forces that Nere being applied

by the different number of loops, the following system was de-
vised. First, an impression via an acrylic trey, was taken of
the lower left quadrant of the anesthetized dcg. A stone cast
was made and measurements were taken of the distance between the
brackets to which the elastic modules were attached. Another
set of similar brackets was purchased and onebracket was then
cemented (Eastman 910 Supergl ue) to a Centimepric Triple Beam
Balance at a position to one side of the fulchm. A bracket was
then glued to an aluminum rod which was positioned and fixed
in such a way that both brackets were parallel to each other.
The distance between the balance bracket and the rod bracket was
identical to that measured on the cast. This set-up is shown in

Plates XXI and XXII. The set-up permi tted a stretching of the
elastic modules at the same distance as that in the dog's mouth,
and allowed measurements of the force at the,same time. A
glass beaker was placed in the weighing platform, and the

4-,44 ·---1 4.:* 4 1.2 t : t.
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PLATE XX

MANDIBULAR LEFT FIRST BICUSPID FOLkOWING  - 1
i .

ENDODONTIC ROOT CANAL AND AMALGAM GUILD-UP -1 .*W
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PLATE ··

111

(UPPER) STONE MODE: v ... 1146:•101 ; R .. ·
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PLATE XXII

(UPPER) BRACKET PLACEMENT ON TRIPL[ BEAM BALANCE

AND ALUMINUM ROD AT THE DISTANCE

ESTABLISHED FROM MEASUREMENTS TAKEN FROM
THE CAST OF THE FEMALE DOG

P

(LOWER) SIDE VIEW SHOWING PARALLELISM OF SET-UP

-65-
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balance was leveled to the midline by addingwater to the beaker.
Then elastic modules of different sizes, raning from two to five,
were placed onto the brackets. The subsequent amounts of weights

needed to again register the balance to the idline were recorded

in grams, thereby giving a precise measureme¥t of force magnitude.

The weight value equivalents of the various elastic modules

deformed to specified distances are seen in -able I.

Temperature I

Changes in temperature during force application were also

measured in the female Labrador Retriever (for the same reasons

given in the pH section previously discussed l. The anesthesia

regimen was also the same.

The temperature sensing electrode consisted of a Bailey

Instrument Inc. micro right angle thermocouple, Type T Copper/

Constantan, Model No. MT-D. This fast respollse surface probe had

the following specifications: probing surfac point-3/8 of an
inch in length; bend 1/8 of an inch long; diameter of needle por-

ti on of the probe- (. 013 i nches).

The constant temperature junction leds were connected to

a Bailey Instruments Stable Oven Model OST-6, which holds a con-

stant temperature at 44.98"C, within a fluctuation of less than

.01' C. The second junction of the thermacolple (which

senses varying temperatures) was connected to a Bailey Model

TH-60 Thermalert Monitoring Thermometer, designed for the

Tr-ZI
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TABLE I

FORCE EQUIVALENTS OF ELASTIC LOOP MODULES

DISTANCE (MOLAR TO 1ST BICUSPID) - 29 mm

FORCE WEIGHT

5 loop elastic module 275 g

4 loop elastic module 440 g

3 loop elastic module 610 g

DISTANCE (2ND BICUSPID TO 1ST BICUSID)- 19.5 mn

FORCE WEIGHT

4 loop elastic module 110 g

3 loop elastic module 324.2 g

2 loop elastic module 390.0 g
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A SERIES OF PHOTOGRAPHS OF I

TEMPERATURE SENSING EQUIPMENT UTILIZED

IN THIS EXPERIMENT

FOLLOWS
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temperature sensing electrode. Plates XXIII and XXIV show the

Set-up and the instruments utilized for these measurements. The

readout meter was set at the differential modi, which compares

the temperature of the experimental site to the constant tem-

perature of the oven. It was possible during the experiment to

occasionally switch to the non-differential mde, which gives
direct readings in degrees centigrade. Also,' the differential

mode readings can easily be converted to degrees centigrade by

simple arithmetic conversion of the millivolt readout. The

thermocouple temperature sensing electrode wa= placed in the

distal surgical preparation communicating wih the periapical

region of the tooth. Insulating rubber putty was placed over

the temperature electrode, as seen in Plate XKV, to insulate

the region being monitored from the dog's own breathing, room
air currents, and also the heat generated fro the lips and
cheeks. Forces were appl ied, as previously specified, with
elastic modules, and the temperature values were recorded man-

ually before and after the force application. A plot was

constructed, the results of which are discuss·Id in the next

section.
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PLATE XXV

(UPPER) SURGICAL PREPARATION FOR THE TEMPERATURE
MEASUREMENT AND APPLICATION OF THE
ELASTIC LOOP MODULE

(LOWER) TEMPERATURE SENSING ELECTRODE INSERTED
INTO THE SURGICAL PREPARATION AND
COVERED WITH AN INSULATING RUBBER PUTTY

t
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RESULTS

Inasmuch as this investigation studie4 the effects of

appl ied force to the periodontium by monitorie four distinct

variables, this section will discuss the findings for each

variable separately.

Redox Results

Figures 2-7 depict the effect of graded forces on the

redox potential in the periodontal membrane. In Figure 2, redox

vs. 1 oz force, a starting pre-force baselin• of +364 mv was

noted. The appl ication of a 1 oz force via tl Dontrix Gauge
caused an immediate change of redox potential,in a negative
direction, attaining a maximum value of +207 0. This represents
a change of -157 mv resulting from the applied force. The step-

wise aspect of the rise to maximal negativity is not fully under-

stood. It may represent an expression of a phasic stretching of

fibers or vascular walls in the periodontium,or in part reflect

an irregularity in the build up of force to tle 1 oz level. This

might be due in part to a slight slippage of the rod of the

Dontrix Gauge.

After the force was rel eased, the rec,)very towards the

original baseline value proceeded at an exponential rate of

-77-
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- FIGURE 2

REDOX vs. 1 OZ FOR(;E
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response. A value of 36 seconds for the 50% recovery rate was

calculated from the curve. The 50% recovery rate represents the

time after the force was removed from the periodonti um to recov-

ery of 50% of the changes induced by force application. This

represents the most accurate method for evaluating a recovery

rate, since the major dynamics of recovery occurred during the

first half of the curve. In addition, this eliminates the prob-

lem, wherein a complete re-establishment of

attained. This 50% recovery rate is easily 1 culated on the
seline is not

curve since each centimeter division on the tlme scale is equal

to 6 seconds. Since the rise after force reached 157 mv in a

negative direction, 50% recovery calculates the time taken to

reduce this potential to 78.5 mv.

In Figure 3, redox vs a 2 oz force, a starting pre-force

baseline value of +350 mv was noted. The application of a 2 oz

force with the Dontrix gauge caused an immediate change of redox

potential in a negative direction, attaining a maximum value of

+93 mv. This represents a change of -257 mv Rs a result of the

applied force (93 mv - 350 mv). Again, the gradual exponential

fashion of recovery was seen after the force was released. The

50% basel ine recovery time was 36 seconds--a surprising agree-

ment with that seen in the previous experiment.

Figure 4, redox vs a 3 oz force, shows a starting pre-

force baseline value of +340 mv. The application of a 3 oz force

with the Dontrix gauge caused an immediate chnge of redox

,,31 .... i ,...er ...&43
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Figure 3

REDOX ve. 2 OZ FORCE
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potential in a negative direction to a maximtlm value of +40 mv.

The sharp drop after the attainment of this 'lue, and the
return to the level previously attained, was almost certainly
due to the momentary slippage of the engaging rod of the Dontrix

gauge. This rod was not fused to the enamel surface and at times

did disengage during the establ ishment and mintenance of theforce.

The maximal val ue caused by the 3 oz force represents a

change of -300 mv. After the force was relesed the recovery
towards the original baseline value began in the same gradual

exponential fashion as seen in the previous runs. The 50% base-

1 ine recovery time was 51 seconds. This repAsents a 41.7%

increase in the recovery rate when compared to the 1 oz and 2 oz

forces.

Figure 5, redox vs a 4 oz force, shows a starting pre-

force baseline value of +434 mv. The application of a 4 oz force

with the Dontrix gauge caused an immediate change of redox

potential in a negative direction to a maximum value of +29 mv.

This represents a change of -405 mv as a result of the force

applied. After the force was released the recovery towards the

original baseline value began in a gradual exponential fashion.

The 50% baseline recovery time was 72 sec., which represents a

41.2% increased time of recovery when compared to the 3 oz

force, and a 100% increase in recovery time when compared to

the 1 oz and 2 oz forces. What this tends to indicate is that

3- . 42.2
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Figure 5

REDOX vs. 4 OZ FORCE 
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a 1 oz or 2 oz force in the incisor area of a max'llary hamster

incisor causes a physical displacement of tissue, or a change

in vascular perfusion, or tissue chemistry that takes 36 seconds

to reverse after the force removal. The 3 oz forcle showed

greater reaction and perhaps the beginning of over-loading. The

4 oz force may be pushing the extreme of tissue tolerance in

this region. In order to test this, a second trial with

4 ounces was undertaken, and the results are summhrized in Figure 6

and Fig. 6 -Cont.redox vs a 4 oz force (second tral). These

curves depict a second attempt to apply a 4 oz foce to the s
tooth. It can be seen from an observation of the data that

there was an al tered response in this second applcation of
force. The change in the negative direction of redox pot

tial was not as great as that exhibited during t first 4 oz

appl ication. More importantly, a drastic change in the recov

aspects of the curve was immediately noted. Ins ad of the

usual gradual exponential recovery rate, a prolo ed recovery

time approximately three-fold greater was seen. Also, the

recovery was marked by a series of step-like progressions

towards the baseline. What is extremely interesting is that the

recovery time took approximately 220 seconds. Tlis value agrees

closely with the loading experiment by Saul Bien et al
5

previously cited. They found that it took apprcximately 240

sec. for a maxillary incisor tooth of a freshly 1.illed rodent

I
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Figure 6
.

REDOX vs. 4OZ FORCE(SECOND TRIAL)
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Figure 6 - Continued
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to return to a level near the zero level whei. loaded incisally

with weights. In the deceased animal s, some of the intruded

teeth never reached the zero level.

This strongly suggests that the secord four oz loading

injured the periodontal membrane severely, al seen by a recov-

ery rate similar to that reported by Bien et al. In light of

this, only the value for 4 oz in the first trial was utilized

in the plot of redox change vs. force, sincethe second 4 oz
trial must have taken place in a disrupted ad severely damaged

perlodontium.

Figure 7 shows the relationship between the applied

force and the increase in negativity of the eriodontium, the

result of which is a strong linear relations ip, with a

correlation coefficient of 0.9. The change f negativity per

ounce is approximately 122 mv.

Figure 8 shows the relationship between the applied

force and the 50% recovery time of the perio4ontium baseline

potential . One can note the increased time c f recovery rate

for a 3 oz force, and even greater increased time for a 4 oz

force. Finally when the periodontium was overloaded, the three-

fold increase in recovery time ensued.

Following the redox vs. force study, an experiment

was undertaken to determine the sensitivity c,f our redox

sensing electrode to changes in hydrogen ion concentration.

" 1' -

/JAill'illi
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Figure 7
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Figure 8
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eries of buffers

of these record-

92:

This was done to answer the question as tc w ther changes ln

hydrogen ion concentration contributed to th potentials. In

order to test this, a series of standard buffers of known pH val

ues were arranged in a systematic order as s*en in Plate XVIII.

A glass electrode with an internal referencelwas then used to

confirm the pH value of these buffers. The laine endodontic fil,

used in the redox experiment was placed in tlle s
and the redox val ues then recorded. The values i

ings are seen in Table II.

The silver chloride reference electrde in the combina-
tion glass electrode was also used as the copanion reference

electrode for the endodontic file. Figure 9nshows the plot of pH

vs. redox potentials generated by the endodotic file. It is
evident that our redox sensor is not a good IH electrode in the

range of pH changes seen in biological systens. Actually, it was

not expected to show high sensitivity to pH changes.

What the experiment did indicate is :hat the redox changes

as seen by the probing electrode were most p-obably due to bio-

chemical factors other than hydrogen ion changes, or in addition

to them. Also, to measure pH changes during force application, an

electrode specific for hydrogen ion analysis would have to be

11
utilized.

Results of Oxygen Series Experiments ll
Figure 10 shows a polarographic reco-aing generated in a

0.9% sodium chloride (isotonic) solution. The purpose of this

1

-90-
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TABLE II

pH CALIBUTION OF REDOX ELECTRODE

(in millivolts)

TYPE OF ELECTRODE
pH of BUFFER

pH 4 pH 5 pH 6

Stainless Steel

(Redox Sensing)
Electrode 88.6 47.5 56.5

*17 p148

7.9 -64.6

15.5 -110.9

Glass Electrode 165.5 111.5 46.4 1.

:16#fil

•1.
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Floure 9
PH-vs, Millivolts•zool

1 •180

+160

•140

+120

•100

480

•60

•40

•20

0

-20

-40

40

11

-80

-100
k

-120
"x' - Stainless Steel (Redox Sensing Electrode)

-14C '0" - Glass pH Electrode

-16C
-18£
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irve as described

2. This would

of the silver

Imal experiments

:rode and a fine

30 silver point,

I of a syringe,

;pirating the

ten is that it

unount of elec-

to mimic that of

run was to attempt to duplicate the classical ci

by Davies18 and others, in a similar electrolyte

serve to establish the validity and reliability

coated endodontic file electrode used in our ani

to penetrate the periodontium. The Silver elecl

silver chloride electrode (constructed from J' #1

and plated with AgC1) were mounted in the barrel

as illustrated in Plate XIII. This permittec a!

isotonic saline. Another advantage of this ysl
permitted a polarographic analysis in a minude 2

trolyte and in a confined region, which tended 1

the periodontal membrane.

Note the slight Ohm's Law-governed tj pe of early rise

and then the classical oxygen reduction wave. 1 The two-step

reduction of oxygen often mentioned in the general literature is

well defined. Hydrogen ion reduction begins Ba -.94 volts.

These experimental results confirm tre rel iability of

our oxygen sensing system used in the animal experiments, since

all waves of reduction described in classical I polarography

1 iterature are seen, and the potentials at wr ich reduction be-

gins are duplicated.

In this experiment, as summarized in pFigure 11, the

isotonic saline was boiled in order to drive off some of the

oxygen. Then it was aspi rated into the syridge and the

.

..:

4/.·,

1,//I ..4

%
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polarographic run repeated. The purpose was to ascertain if the

oxygen value at -0.7 would drop, indicating a slight loss of

oxygen due to the boiling. No large drop was anticipated since

atmospheric oxygen equilibrates with the boiled sllution very

rapidly, and our transfer system may not have bee, totally air-

tight. However, any lower value would be signifi:ant, since

cleaning the electrodes between the experiments and the increased

temperature of the second experiment are two factors that favor

increased current flow, and therefore increased elevation of the

oxygen curve.

The interesting point is the immediate aupearance at the

beginning of voltage appl ication (below 0.1 volt of a new wave.
Examination of the electrodes with a dissecting croscope--
after the run had been compl eted--showed a parti fl dis integra-

tion of the silver chloride coating of the refernce electrode.
The nature of this new wave is apparent. In the extremely hot

solution, the silver-chloride coating of the reference electrode

(a relatively insoluble compound at room or body temperature)

began to dissolve into free silver and chloride Ions. The sil-

ver ion has a great tendency to accept electrons and be reduced

at a very low negative potential. Thus what was seen was the

silver reduction wave. This observation, while iot anticipated

in the experimental design, did serve to prove te sensitivity
and reliability of the analytic system. It also added confi-

dence for the use of this approach in in vivo studies.

'41.f'. i.41//29/.P Ni

11
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The -0.7 volt current value did in fa:t drop approximately

7 units, again adding confirmation to the validity of this ana-

lytic set-up.

However, due to the breakdown of the Ag/Ag(l reference

electrode in this experiment, the experiment was repeated

utilizing a room temperature isotonic saline, compared against
a boiled isotonic saline cooled to a temperature approaching

room temperature. As was mentioned in Method¢ and Materials, a

second syringewas used to aspirate the boiled isotonic saline.

After a period of cooling, the solution was transferred, by a

reasonably air-tight method, to the electrode-containing syringe.

This solved the silver chloride solubility problem, but probably

introduced some oxygen since the transfer may not have been

completely air tight.

Figure 12 shows the first run in room temperature iso-

tonic sal ine. Figure 13 shows the second rurI after the cool ing
of the boiled isotonic saline solution. Agal, as in the pre-
vious runs, the -0.7 value, which represents Ithe selected

voltage point to evaluate the oxygen level, 11 8 units lower.

This indicates an oxygen loss due to boiling, and agrees with

the results seen in the previous run.

Ougen Studies in the Hamster Periodontium (j Vivo Series)

The results of these studies are besl presented by an

analysis of the polarographic charts. Figur€'14 is a recording

•i -I': -r M

.W.
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·egons of the body,

of a polarographic analysis conducted in the periodontal mem-

brane of the maxillary central incisor of a amster. This exper-
iment was necessary in order to ascertain if 'this analytical

technique could be utilized in a periodontal membrane to measure

oxygen tension changes during force appl ication. While such

measurements had been conducted in other i

to this investigator's knowledge, none has ever been attempted

in so small an area utilizing this particular electrode design.
In Figure 14 the appl ied negative vol tage is indicated on the

abscissa. The run starts at zero applied voltage and proceeds

by the gradual application of increasing negative potential on

the electrode positioned in the periodontal membrane in an area

similar to that seen in Plates VI - IX.

The increased current (which is depicted by a rise of

the curve from 0 to -.25 volts) is expected in consideration

of Ohm's Law. What this means is that as increased voltage is

applied to a circuit, and the resistance is kept constant, an

increase in current flow ensues. This is ex;ressed in the

classical formula:

(I=

Note the gradual slope and rise of current du to this relation-

ship. In the region sl ightly more negative *an -0.2 volts

(approximately -0.225 volts), a sharp rise ccurs, showing a
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slope far beyond that expected at this voltage from Ohm's Law

This is due to the initiation of the reducticn of oxygen, whi
is felt to proceed in two stages. In this stage dissolved

oxygen was reduced to H202 at the potential approaching -0.6

vol ts. The sl ight break in the curve probab' y indicates the

initiation of the second phase in the reducton of oxygen. I
the chart speed were increased, these small reaks would be s
as well defined steps characteristic of polal·ographic current

voltage curves. In fact, this run was repeaed at a faster chart

speed, and this was demonstrated with great Drecision. Note that

as the analysis approaches -0.9 volts, anothr break in the curve
occurs, and a sharper rise in current had ta <en place due to the

reduction of the hydrogen ion, with the libe -ati on of hydrogen

gas. This value for the reduction of hydrogan ion is in virtual

agreement with the findings of Brighton and 'riedenberg.13 The

exact voltage for reduction may vary slightl, as a function of

the pH of the interface surrounding the elecrode. This experi-
ment proved important to the present study fir the following

reasons:

1. It proved that the system and electrode used
could reproduce a classical polarographic
curve in periodontal tissue.

2. It permitted the determination o the ideal
negative potential to charge the electrodes,
in subsequent experiments, in order to record
the oxygen tension response to force applica-
tion.

€-·
i :;
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2,13

An inspection of the curve generated reveals an ideal charging

point for oxygen reduction at -0.7 volts. This approximates the

center of the more stable phase in oxygen re*ction and is safe-

ly removed from the reduction of the hydrog'ion. This voltage

val ue agrees perfectly with that seen in the eneral 1 iterature.
With the Clark Oxygen Electrode (used to meadire dissolved

=12 A-¥

3

,Z

oxygen) the reducing potential is set at approximately that value.

Resul ts of Oxygen vs. Force Experiments in the Hamster Periodontium

The next series of figures are recordings of dissolved

oxygen in the periodontal membrane of the maxillary central inci-

sor in a male hamster. The histological appearance of the region

in which the recording was made is shown in Plates IV and V.

The electrode used for sensing oxygen concentration was a

#10 endodontic file coated with pure silver. IThe anode electrode

is of silver/silver chloride construction. The approximate posi-

tion relative to the periodontium of the silver electrode during

the experiment are shown in Plates XIII and IX. In essence, the

analytic circuit and instrumentation utilized for this analysis

is identical to that in the previous experiments in this section.

The one modification is that the voltage is not scanned in this

series of recordings; instead it is set at -0.7 volts and applied

to the silver coated electrode positioned in the periodontal mem-

brane. This vol tage was shown in the previous experiments to be

ideal for an analysis of oxygen levels. It is also the value

a
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lark electrodes.

a chart speed set

le at a fast rate

iuild-up of

le surface; also

iat many runs or

i overload.

,en bel ow. The

, figure 15 starts

usually util ized in commercial oxygen-sensing C

The abscissa on the scale represents time wi

at 20 cm./min. The speed was intentionally d

to get information quickly and thus avoid thet
excessive polarization products on the electrU

to minimize the time of force application so th

repeat cycles could be conducted without systr

A detailed analysis of Figure 15 is gv
significant portion of the run depicted in this

at point near 60 on the ascending scale. Thi represents a
current flow (expressed on this scale in term of -12.7 mv) due
mainly to the reduction of dissolved oxygen 16 the vicinity of

the electrode and also in part to the superimposed 0.7 volt

potential (Ohm's Law flow). The slow decline in the level of the

curve is caused by slight lowering of oxygen concentration in the

vicinity of the electrode, and also the buildlup of products of

polarization as the voltage is maintained. te the gradual

slope of this pre-force drift. At the next int, a force is

appl ied to the teeth by util izing an electricklly insulated

hemostat (constructed by coating the metal wih a high electrical
resistance varnish). The hemostat appl ied a kqueezing force be-

tween the two maxillary incisors. The oxygen sensing electrode

was situated in the periodontal membrane betwen the two incisors
As force is applied, the curve shows an immedate drop, which
continues as force was slowly increased. Thi|t drop reached a

,

1.

t
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level of 10 on the ascending numbered scale, representing a

value of -5.7 millivolts which expresses the amount of current

flow in the circuit converted to millivolts by the measuring

method. This represents a 55% drop in curre t output caused

by the force appl ication. The current reduction was mainly due

to the reduced oxygen concentration in the vcinity of the

sensing electrode, most probably caused by tle vascular com-
pressi on. Note the dramati c recovery as a result of the release

of the pressure. The overall tendency was ti establ ish a slight-

ly lowered baseline with repeated runs.

This lowered baseline was due to theconsumption of
oxygen in the electrode vicinity and the buid-up of polariza-
tion products during the run. This sequence of pressure appl ica-
tion and release was repeated in two more ruhs, represented by

Figures 16 and 17. The results were very similar.

Attempts were then made to apply a gaduated force by
means of the Dontrix Gauge perpendicular to :he distal surface
of one of the maxillary central incisors, whl€ the othe, was
held stationary with a rigid object. It was difficult to avoid
slippage, and therefore the force values mus be considered
rough approximates. The results are seen in Figure 18. An

inspection of this curve indicates a decrease in oxygen concen-

tration as a result of a progressive increas I in force appl ica-

tion. The 4 oz force caused an oxygen drop equivalent to a

VlfiC I ·* 4
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curve displacement of approximately 20 chart units 0 - -3 mv of

current equivalents, representing a drop in oxygen t.3nsion which

is only 24% as great as caused by the hemostat. Thim is not sur-

prising since the hemostat delivered much greater fo•ces causing

more vascular compression.

pH Measurements Results

The results of the pH experiment are shown 1 1 Figure 19.

The pH readings were recorded at the terminal positin of the
root canal in proximity to the periapical extension ,f the tooth

supporting apparatus.

The following observations are worthy of note. The pH

of the system, before the application of force to the region,

started at approximately 6.62. Soon there was an intrease in pH

which began to equilibrate at pH 6.75. This change ,as probably

due to the mixing of the isotonic saline (which was ,laced in the

canal to aid in establishing good contact with the sinsing

electrode and the periodontal membrane surrounding tle apex) and

the fluids of the periapical tissue.

At the point in the curve indicated as 3 loops of force,

a 342 gram force was applied to the teeth via the 3 loop elastics.

The pH electrode indicated an immediate, slight fall· in the pH

of the region to a value of 6.71. This represents an increased

acidity of approximately 0.05 pH units. The pressurl was main-

tained for a period of 2.4 minutes, and the curve shows a very

-110-
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Figure 19
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stable equilibrium at this value.

At the point indicated, a two loop for(e, equivalent
390 grams of pressure was applied. The respone again was
immediate, and the pH changed to 6.64, which rpresents a 0.11
ph units greater acidic than the baseline. Thls force was maln-
tained for a 6 minute period, and again the st,bility during

this time was quite good (within 0.02 pH units. The vertical
lines are artifacts that occurred during the aipl ication and
stretching of the elastic loops.

Figure 20 shows the cal ibration curve *or this experiment
which is particularly useful to determine the variation, stab-
il ity and response of the recording system utflized in the pH
experiment. This recording tends to establist that the system

utilized can maintain a stability necessary f resolving minute
pH changes within the range recorded in our ph experiment.

Temperature Results %
The results of the temperature experiment, which were

recorded in the periapical region of a female dog by means of a
small opening through the buccal bony plate, are shown in Plate

t

XXV. The findings are best summarized in the plot of values
obtained of the temperature in the region during force applica-
tion. It was not possible to follow these minute temperature

changes on our recorder due to equipment inc*patibil ities.
Therefore, the val ues were manually recorded as a function of
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Figure 20
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Figure 23, which is a plot of Table III.

The

time after the force application and plotted, shown in Figures

21-23.

What is seen is a small drop in temperature as a func

tion of the applied force. The total fall in temperature was

merely 0.77 after minutes of an appl ied forc of 610 grams.

temperature sensing system can detect change¢' in temperature as

low as 0.01 C. The results of this are seen in Table III and

The techni que to establ i sh the force quivalents for the
elastic loops stretched over the distance utilized in our pH

and temperature experiments is shown in Plates XXI and XXII.

The method proved very effective in providing an expression of

force in terms of exact gram equivalents.

61
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Figure 21
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Figure 22
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TABLE IlI

FORCE vs. TEMPERATURE CHANGE '

FORCE

(in grams)

REDUCTION IN TEMPERATURE i
AFTER FIVE MINUTES FORCE DURATIOH

275
.19'C li

440 .48 C

610
.77 4

11
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Figure 23
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DISCUSSION

Inasmuch as four distinct biological parameters were

evaluated in this study in relation to force rsponses, the
experimental resul ts pertaining to each of the tested parameters
will be discussed separately. Then an attempt will be made to
interrelate the observations. :1

Oxidation-Reduction 1
It becomes apparent from the oxidatior-reduction poten-

tial data that upon application of force, there were at least
three distinct changes which occurred in the eriodontal men-
brane around the area of the sensing electrod:

1. an immediate increase in the negaive potential
occurred; 3

2. this increase was maintained during the application
of force and leveled off to a baseline value oncethe force was removed; and :I

3. the level of response exhibits a direct linear
relationship to the amount of force applied, at
least between the range of 1 - 4 4ounces.

A correlation coeficient of 0.9 demonstrates the strong relation-

tinship of this association. A best fit line depict the rela-

tionship is shown graphically in Figure 7. inspection reveals

that for each ounce of force applied, there is a general increase
in negativity of approximately 122 mv withir the 1 to 4 ounce

4,1,9 - j4
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linear res-

)e what was

range. Converting ounces to grams, the range 01
ponse extends from 28.35 grams to 113.42 grams.

The term "force" is being used to descrit

applied to the tooth rather than the terms 'pressure" or

"tension". It is the investigator's belief thalt it is dif-

ficul t to judge with certainty whether the reglon immediate to

the sensing electrode was subjected to forces ¢f pressure or
tension. An examination of Plates VIII and IX showing the

approximate position of the file relative to tne periodontal

structures, suggests that the redox sensing elctrode is likely
responsive to a combination of both pressure ad tension forces
within the tissue. Also, the presence of the electrode itself

wedged between the cementum and the alveolar bone must have

caused some compressive effect on the cluster dof small vessels
in the area. The presence of the electrode my also modify the
force vectors generated during the appl ied stmulus, but this
can not be avoided with an invasive type of masuring technique
The result must have been a reduced vascular profusion in this
area.

Some of the cellular components shown y other investiga-
tors to reside in a rodent periodontal membrane must also have

felt the physical insult and biochemical conequences of the
lowered tissue perfusion due to the vascular constriction. A
cell type known to respond quickly to changeq in cellular

4 1
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environment is the mast cell. Mast cell s in beneral have in-

tense metachromatic staining properties when ;tained with

toluidine blue. This is due to products contained within their

granules such as histamine, serotonin, other biochemical agents.

and particularly acid mucopolysaccharides. There is an imme-

diate response of mast cells to the application of force,

according to Yamasaki et al.19 This response Is expressed as a

loss of ability for staining with toluidine bue and was felt to
be due to an immediate discharge of the previously mentioned

mucopolysaccharides, amines, and other enzyme . As stated by

these investigators, Changes in the mast cells are recognized

as representing one of the earliest stages of inflamation. "20
Mast cells also respond to changes ir PH in their

surrounding environment and certainly to a fall in oxygen ten-

sion. It is thus suggested that immediate degranulation contrib-

utes to the negative surge in redox potential, observed in the

present study, that occurred after pressure pplication in the
region surrounding the sensor electrode. An important point

21
emphasized by Bloom is that the metachromatic reaction of the

mast cells for toluidine blue is in most par due to the acid

mucopolysaccharides which tend to possess a lather strong neg-
ative charge. This adds more information le,|ding to a general

suspicion that the speed of response, negati,e charge, and

presence in the periodontal membrane indicts 'the mast cell as

y
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one of the factors in the negative directional change? in

potential.

In addition to mast cells, the electrode was free to

sense any or all of the electrical potentials reportdd to be

emitted by any of the adjacent tissues during force 1

(e.g. piezoelectric potentials or injury potentials)1
the major potentials were thought to be those exertec at the

electrode surface by the electrolytes or charged particles in

the solution as an expression of their tendency to either accept

or donate electrons. Therefore, redox measurements eflect the

tissue chemistry of the area in addition to regional Aifferences

in potential due to states of polarization in imedite or re-

mote regions. Finally the surge of negativity seemsto co-
incide with the curves depicting the drop in oxygen tension.

This seems logical since a drop in oxygen tension in'a region

should lead to an increased negative potential as seen in an-

aerobic microbial cultures. This most likely reflec-.s the pil

up of reduced products of metabolism that cannot be completely

oxidized due to the reduced oxygen tension.

Oxygen Tension (Oxygen Concentration)

The fall in oxygen exhibited in the experiment on appl i-

cation of force in the hamster is probably due to a decrease in

the tissue fluid perfusion to the area as a result of the

redox

plication

However,

e
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compression of the vasculature. Plate V reveals a rather ex-

tensive cluster of vessels located around th* supporting bone

of the periodontium continuous with the periodontal membrane.

Also, the periodontal membrane itself has it own vascular
plexes, so any decrease in vascular profusiol

is marked by a local decrease in oxygen tension. This is seen

in other areas of the body, particularly in regions of the

lower extremities, and presents a constant threat to diabetics

with impaired vasculature due to narrowed, stlerotic arteries.

It was not possibl e in the present experiment to ascertain the

exact oxygen tension value, since there was no way for deter-

mining the total amount of surface area of tle electrode exposed
to the solution, as needed to calculate the exact oxygen tension

level in terms of parts/million of dissolved oxygen. The method

of exposing a silver metal oxygen-sensing electrode with polaro-

graphic circuitry, however, does permit an e,aluation of rapid

oxygen changes in very small regions of the ody.
There are many examples of usage of In open type elec-

trode for measuring oxygen tension,including Istudies by

Larrabee and Bronk22 (oxygen consumption of a perfused stellate
23

ganglion of a cat); Urbach and Pierce (open-type electrode

into human skin to study cutaneous metabolis,) ; Meyer et a124

(oxygen tension in the brain, recording simultaneously from

several open-type electrodes); Davies and Bronk25 Copen and

!
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recessed electrodes for studying oxygen tension at the surface

of the cerebral cortex of the cat). The research done with this

general method for investigation is extensivt, but apparently no

one has heretofore recorded the rapid changes of oxygen in such

a region of confinement as that of the perioiontal membrane. It

was not possible to obtain as exact a quantiative evaluation of
the forces appl led as in the redox experiment. and a compromise

had to be made to minimize electrode movement. This ls because

electrode movement affects the recording of xygen tension to a
greater extent than redox sensing. In general, larger forces

were used in the oxygen experiment than in he redox experiment.
and the fall in oxygen increased with increing force. Force
appl ication followed by a fall in oxygen terition, was consistently

observed in repeated trials. In addition, the recovery to base-

line was also a constant recording. Moreovr, the rates of fall
and recovery were very reproducible in repedted trials. When

these observations are added to the fact tht most electrode
artifacts would have led to a movement in the opposite direction

to that observed, a strong confidence can be placed in the

validity of these recordings.

Given a fall in oxygen tension of the periodontal mem-

brane on the application of force, an obvious question is then

asked. What effect does this have on the bological structures
in the area? Since oxygen serves as the terminal acceptor in
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the oxidative phosphorylation pathway of energy formation, any

biological function requiring an energy input for initiation

will be affected. Tissues requiring a higher oxygn tension

for proper function, such as brain tissue, would bk affected to

a greater degree. Those biological processes that utilize an
anaerobic glycolysis pathway would be affected to 4 lesser

extent.

As mentioned earlier, the work of Brighton and

Friedenberg27 on electrical stimulation and oxygen tension con-

ducted in h vivo experiments on puppies, indicated that rapid

growth was associated with a lower oxygen tension han that seen
in the more slowly growing plate. Those in vivo studies also

agreed with his j.g. vitro studies in which he concl Uded that of

the oxygen tension range tested (5% - 90%), the 5% level relates

to the greatest rate of growth at the costochondral junction in

21 day old Sprague-Dawley rats. "The costochondrap junction is

a true enchondral growth plate, with a distinct bole cartilage
junction that is readily identifiable under the dissecting

microscope.)
.28

He also found that high oxygen tensions were detrimental

to growth. In a further extension of this elegant study, he

charged metal electrodes in a chamber at various vol tages. He

observed that oxygen was reduced below 1.0 volt, and as the

potential approached 1.0 vol t or above, predominantly hydrogen

-3,%,147¥-Tri.B, ;¢: · r. 1 - -==a.4,-4
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ions were released. This agrees with the poltrograph recording

in the present study (Figure 14) which shows  hydrogen wave
rising at the same vol tage. This is particul#rly gratifying in
light of the fact that the polarographic run as attempted
within the very narrow confines of a periodontal membrane in a

complete living system.

pH Studies

Hydrogen ion changes in the periodontal membrane during

force application are extremely difficult to Aasure. In

retrospect, their measurement posed the most c Nfficult problems

encountered for any of the measurements. Considering the

extremely narrow dimensions of the periodontal compartment and

the fact that the sensing tip of the conventic nal hydrogen-ion

electrode itself is usually wider than this n, rrow space, a new

approach and animal model were selected. As roted in the Methods

and Materials, an approach via the root canal was attempted. The

reason for choosing a dog for the measurementlof this parameter

was the availability of a larger area surrounaing the tooth,

which gave more options for instrumentation. Also, with the root

canal type of instrumental approach, a larger pulp canal was

needed. During the course of the experiments, it became appar-

ent that the region of the upper incisor in tl hamster was

better suited for measurements requiring the nsertion of the

2.z
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special redox sensina electrode, used in thisi,study, into the

periodontal tisbue. The periodontal membrane (Plates VII I and

IX) is reasonably wide and the density, and resiliency of the

surrounding alveolar bone permitted reasonabl, ease of electrode

insertion. Also, this special electrode make more intimate
contact with the periodontal membrane and hence senses the

pressure more acutely. 9

The dog model further had an advantage in that it per-

mitted a more exact method for measuring the applied forces by

means of an elastic module system (previously described.) More-

over, it affords room to accommodate larger parameter sensing

electrodes when used.

The resul ts of the pH studies show  very slight drop

in pH as the result of force appl ication. Ar increased acidity
is seen with an increase in force. The most probable explanation

of this observation is that the response was „in effect coupled

to that of oxygen. One would expect that whn the oxygen falls

in the region, as - was seen in the oxygen vs. force experiments,
the area will become more acidic due to the flower rate of oxida-

tion of the acids formed during respiration. I Anaerobic glycolysis

yields more acidic products than does aerobk respiration. It is

also a common medical observation that in otter tissue regions of

the body (particularly in muscle tissue) oxyten deficiency leads

to the build up of lactic acid and other or94nic acids, which in

. 2 #Al f..le.. 4
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turn can cause muscle cramping. As previously mentioned, acidity

favors bone resorption, which may be due to a direct cellular

effect or to an enhanced solubility of the mineral phase of bone

or cementum. As also mentioned earlier, when the effects of

buffers of varying pH on the solubil ity of enmel surfaces were
tested, the fact that bone is very sensitive to acidity was noted.

The rate of enamel surface solubility was matured by monitoring

the rate of appearance of calcium in the acldc buffer solutions.
This test also pointed to the sensitivity of even the most

calcified tissue (enamel ) to small difference=; in PH.

Temperature Studies

The measurement of temperature changas at the apex of a

female dog's first bicuspid showed 1 slight d¢op in temperature

in response to force application. This is tobe anticipated in
light of the fact that a compression of the v.sculature in the
region decreases the circulation and likewisethe temperature in
the area. This is certainly the case in diabetics with impaired

circulatory flow to the lower extremities. C*nparing the temper-

ature of a limb with impaired circulation to that of one with gooc

circulation, the impaired limb would most cer:ainly be cooler.

People with low blood pressure also frequentl, complain of cold

hands and feet. It is proposed that the comp'ession in the perio-

dontium during force appl ication and resul tan-: decreased blood
flow represents the primary cause of the slight drop in

2 1
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temperature. Although the drop in temperature was slight, it

can be viewed as the best reflection of the tmperature changes
measured. This was due to the difficulty encuntered in ascer-
taining that the electrode was in fact in dirct contact with

the periodontal membrane, via the surgical apfroach utilized.
Thus, the temperature changes could have beenfaffected, or

dampened by placement of the electrode in the approximate area

but still not precisely within the periodontal membrane. It is

desirable that this part of the study be repeated utilizing an

el ectrode smal 1 enough to enter the pul p canal of one of the

roots, with the electrode extending to the proximity of the apex,

as was done in the pH study. This electrode ould have to be
specially constructed, since no commercially manufactured units

were available at the time of this study.
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SUMMARY AND CONCLUSIONS

This study deals with the biological esponses of the
tooth supporting apparatus to an application of force of sudden

onset and short duration. Four parameters were selected, which

were believed to be especially indicative of significant changes

in tissue respiration and energy dependent bi lchemical

reactions.

The parameters selected for evaluatio were: oxygen
tension; oxidation-reduction potentials; pH; and temperature.

All of these factors are extremely important In a consideration

of any biochemical reaction or chain of reactlons that either

requires or liberates energy.

Many reactions involved in bone remodiling and tissue

repair would most 1 ikely fall into this categry. A search

revealed that, while these basic parameters were often mentioned

or alluded to in many discussions of the biolgical response to
force, no in vivo measurements have been und+taken, to the best

of this investigator's knowledge. The lack o such measurement
studies likely stems from the difficulty in obtaining electrode

sensors small enough to reach the shielded anI confined areas of

the tooth supporting apparatus. Thus, this investigator's work

also comprised the task of designing systems that could record

-130-
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these nirampterf in the tooth supporting apparatus.
Once the electrodes and companion measuring systems were

designed and tested, then they were applied t the in vivo

model . The dentoalveolar region in two anima systems was
utilized. One was the anterior two incisors of male hamsters.

The periodontal membrane in these teeth was rjasonably wide, and

the bone sufficiently resilient to allow an extremely thin redox

sensing electrode to penetrate.

The second animal model involved the nandibular bicuspid

teeth in a female dog. This model permitted he appl ication of

calibrated forces and also the use of an access to the periodon-

tal membrane via the root canal.

The key findings and conclusions are summarized below:

1. the periodontium in the hamster incisor undergoes
changes in redox potential during sudden force
application;

2. this alteration tends to drive the baseline value

to increased negative potentials; 

3. increase in redox negativity shows a inear res-
ponse in the force range of 1 to 4 ou#,ces;

4. the negative increase per ounce of force is in
the range of approximately 122 millivtlts;

5. recovery time after force removal, exressed as
the time in seconds to restore the previous
redox baseline value, tends to increate after 2 oz
of force;

6. the 50% recovery rate of the increased redox value
is markedly increased with a 4 oz load and shows
evidence of having caused damage to the tooth
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supporting apparatus in the hamster's maxillary incisors;
. a technique to conduct polarographic analyses in the

periodontal membrane of the hamster incisor was
developed;

using this analytic electrochemical analysis, an oxygen
concentration fall was demonstrated in the hamster perio-
dontium during force application;

this oxygen fall was immediate on force application, and
a recovery to nonnal oxygen 1 evel began as soon as the
force was released;

10.there seemed to be an indication that this fall in oxygen
was proportional to the applied force in the 1 to 4 oz
range. The relationship was not as d:finite as that seen
in the redox change;

11.there appeared to be a slight increase in the acidity of
the periodontium in the mandibular bi uspid regioh in the
dog during force application;

12.the increase in acidity was very slight, but positive.
An increase in acidity equivalent to 0.11 pH units occurred
after an appl ication of a 390 gram fo -ce for 6 minutes
duration;

13.a decrease in temperature in the periapical region in the

mandibular bicuspid area in a dog was demonstrated;
14.the temperature fall varied with the evel of force appl ied.

Application of 610 grams caused a temierature reduction of
0.77'C after 5 minutes.

Tentative hypotheses formulated to attembt to consolidate and

relate these observations are outlined below gs a sequence of

physiological events:

A. Force compresses the vasculature inr the periodontium.

B. This vascular compression causes a fall in the oxygen
concentration in the region.

..1.....................P-
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C. The fall in oxygen concentration resOlts in an
i,.., caL- f.. th: negativity of the redox potential
of the area.

D. This increased negativity is due to reduced molecules
that are not oxidized at the same rate due to the oxygen
deficiencies.

E. Increase in acidity is also· a result of diminished
oxygen tension.

F. The sl ight drop in temperature rel ales to diminishedblood flow.

G. Since oxygen tension, acidic changes, and changes of
redox potential are factors that influence bone
resorption or bone deposition equillbrium, the perio-
dontium reacts to these stimul i witt the appropriate
adjustment in the equilibrium.

This hypothetical sequence needs confirming tudy.

A new system for analysis has been developed that makes

possible further experimental investigationsin this previously
untapped region, and a comprehensive determiAation of the

biological dynamics of the periodontium at a fundamental level

can be made.

4
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