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9. RESULTS

9.1 Experimental animals

18/28 animals survived the application of the cold thermal stimulus and gained weight
during the observation periods. 2/10 rats died in the initial session from carbon dioxide
asphyxiation and the latter 8/10 died during the recovery period, where the rats were
placed beneath a heat lamp. During this recovery period, involuntary fluid loss from the
anaesthetized rats through frequent urinary discharge was noted. An additional 10 rats
were requested and approved (under ethics number M-054-2006B) to replace the 10

deceased rats.

9.2 Anaesthesia
Initially, for the first 4 surviving rats {3 treatment rats (rat ID 2,4 and 5) and 1 sham rat,
from Group 3}, no premedication was used prior to administering the Ketamine/Xylazine
combination. However, it was found that the speed of onset and duration of anaesthesia
was highly variable, due to the difficulty in accuracy of an intraperitoneal injection with a

fully conscious anxious rat, which affected operator precision.

An inhalational anaesthetic (administered as an isoflurane/oxygen mixture) was used for
all remaining rats prior to administration of Ketamine/Xylazine. This achieved a rapid,
reliable onset of anaesthesia within 5 minutes. Small additional 0.1ml-0.2ml increments
of Ketamine (50mg/kg at 0.2ml per 100grams) were also administered as a top up
anaesthetic where the rat was beginning to regain consciousness during the procedure.
This was to minimize anaesthetic overdose as Ketamine had a more rapid hepatic

clearance rate compared with Xylazine.
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During the recovery period, subcutaneous saline was occasionally administered. This, in
combination with the use of cooler heating pads instead of a heat lamp, ensured the
survival of the remaining rats. All treated rats except one received a 20 minute

application of dry ice to their upper right first molar.

Rat number 6 in group 1 was administered the usual dose per body weight of Ketamine/
Xylazine anaesthetic. This rat started to regain consciousness after a 3 minute application
of dry ice. Two top up doses were given to prolong the duration of anaethesia but this
only enabled an additional 2 minutes application. It was decided to abort administering
any more anaesthetic to avoid mortality and the dry ice application was terminated. No
ankylosis was seen in this rat and data from this rat were excluded in the statistical

analysis.

9.3 Micro-computed tomography pilot study

The two dimensional image slices obtained from the Group 2, sham rat were 11m apart.
A total of 284 images of the upper first molar teeth were obtained, spanning a distance of

3124pm. These corresponded to Z values from 546 to 829. (Fig 17)
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Figure 17. Micro-CT coronal images from an experimental sham rat to illustrate coronal dental
anatomy of the upper 1* molars. MP: Mesiopalatal, PP: Pulpal-periodontal, DB: Distobuccal, DP:
Distopalatal.

‘829’, representing the mesial end, corresponded with most mesial image of the right
mesiobuccal root. This would have been the starting landmark for section counting, with
the purpose, at 10pm thick sections, to select the 100" to 200" sections. The furcation
region, regarded as the zone between 2 or more roots, was present between Z values of
785 to 594. The tomogram Z=672 suggests the natural occurrence of a pulp-periodontal
canal, on the right molar within the furcation region. 546’, representing the distal end,
corresponded with a diminishing appearance of the crowns of the upper right and left first
molars. The mesial inclination of the upper first molar roots was apparent, with the
mesiobuccal root structure of the upper 1% molar teeth appearing first before the crown.
At each tomogram slice, the right and left first molars were almost mirror images of each
other. This was possible as the Skyscan 1072 allowed for fine 3D positioning of the

specimen block.
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These images validated the use of this study’s methodology (section 8.7) in obtaining the
interradicular furcation. By improving the author’s understanding of the rat’s coronal
dental anatomy, it also facilitated a thorough definition of measurement protocols of

sections within the representative furcation for quantitative analysis.

9.4 Slides

Coronal sections which were at a markedly different angle than the optimal 90 degrees to
the occlusal plane resulted in crown sizes out of proportion with the root size or large
relative differences between the left and right molars. These sections were generally few,
with regions on the slide outside the representative furcation excluded from quantitative

or semiquantitative analysis.

Bone and root resorption, pulpal changes, bone formation and repair of resorption
lacunae will be discussed, among the histomorphological changes. The bone labeling

patterns and types, as seen in the unstained sections, will also be examined.

9.4.1 General morphological observations

Over time, there was a cumulative decrease in the size of the pulp chamber on the right
molar of the treatment rats, as a result of the deposition of mineralized tissue along the

walls of the pulp chamber. The difference in size between the left and right first molar

pulp chambers was particularly noticeable in the Group 4 treatment rats.

Ankylosis, as seen in this study, was morphologically defined as the physical union
between the alveolar bone and furcal root surface that extended across the entire width of

the PDL space. Of the 28 rats, there were 3 experimental animals which developed
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ankylosis on their upper right first molars (Table 1). Ankylosis was not seen in any of the
sham rats or in any of the control molars of the treated rats.

Table 1. Distribution of ankylosis in experimental rats

Time Period | Number of animals with ankylosis in furcation | Rat ID
7 days 0 -

14 days 2 3,7

21 days 1* 2

28 days 0 -

*3 additional rats (rat ID 1, 4 and 5) had morphological features of pronounced mineralized tissue
deposition on the furcal root surface but no definite ankylotic bridge.

In the morphological analysis, the unstained sections were all compared with their
corresponding adjacent VK/H&E and H&E sections to check for consistency and

verification of histological features.

942 Day7
9.4.21 H&E and VK/H&E sections
Resorption was less common in the left side molars (control) of the treated rats, which

generally displayed a smooth furcal root surface.

Small resorption lacunae of superficial depth were noted on the furcal root surface of the
right side (treatment) molars. In certain cases, the presence of multinucleated cells within
the resorption lacunae were noted, suggesting active resorption. The adjacent alveolar
bone surface was also more irregular than the control side, with resorption lacunae more
prevalent (Fig 19). The osteocytes surface lacunae of the alveolar bone in the furcation

contained pyknotic nuclei or were often empty.
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Within the PDL a reduced cellularity, compared with the left molars, was seen.
Numerous small blood vessels were noted within the pulp chamber of the right molars.

The pulp chamber was much less cellular than the left molars, and the odontoblast layer

of cells was generally absent (Figs 18, 20).

a LA AP e ... 3 )
Figure 18. Increased vascularity within the pulp chamber was a common finding in the treated
molars. BV: Blood vessels, PP: Pulpal-periodontal canal.
Day 7, Rat 2. Right molar. VK/H&E stain. 10x magnification
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Figure 19. Extensive surface bone and root resorption with a decreased cellularity (asterisks) in the
periodontal ligament compared with the control molars. Avital alveolar bone suggested by the
absence of osteocytes in lacunae (dotted arrows).

Day 7, Rat 5, Right molar. H& E stain. 20x magnification

Dentiger,;
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Figure 20. Markedly less resorption along the root surface (arrows). Asterisk shows a well defined
continuous zone around the pulpal walls resembling odontoblasts. These features were common to all
control molars in treated and sham rats.

Day 7, Rat 7. Left molar. VK/H&E stain. 10x magnification
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9.4.2.2 Unstained sections

Table 2. Distribution of labels among rats in Group 1 (7 days)

Number of labels

Label Type

Number of rats

Rat ID

1

Calcein and Alizarin Red

Calcein

Alizarin Red

0
7 (6 + sham)

0

2,3,4,5, 6% 7, sham

* Rat 6 had a cumulative total of 5 minutes of dry ice application (see section 9.2)

All the rats within this group had only 1 label present when viewed under fluorescent

light. (Table 2) The sham rats were rat 1 in Groups 1 and 2 and rat 7 in Groups 3 and 4.

Within the right molars of the treated rats, generalized pitting was occasionally noted on

the furcal root surface, characterized by small resorption lacunae when the adjacent

stained sections were viewed (Fig 21). This surface feature was not present on the left

molars of all the treated rats.

The distance of the calcein labels to their corresponding mineralized tissue surfaces was

greatest along the alveolar bone surface of both the left and right molars. In some rats, a

faint continuous line of calcein label was noted lining the walls of the pulp chamber of

the left and right molars. Calcein labels were rarely present along the root surface of the

right molars, particularly where resorption was present (Fig 22).

Similar morphological appearances were noted between the untreated left molars of the

treatment rats and the sham control rats (Fig 23).
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Figure 21. Surface pitting on the root surface with an absence of active mineralization.
Day 7, Rat 5. Right molar. 5x magnification. Calcein label.

o RS B 500yt
Figure 22. Distance of the label to its corresponding mineralized tissue surface was largest in alveolar
bone, much less along the pulpal floor and least along the root surface. This suggested the alveolar
bone was a much more active formative tissue than the pulpal or root surfaces.

Day 7, Rat 3. Right molar. 5x magnification. Calcein label.
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Figure 23. Similar rank order of appositional activty (as in Fig 22) Iso seen in controls.
Day 7, Rat 3. Left molar. 5x magnification. Calcein label.

9.43 Day 14

9.4.3.1 H&E and VK/H&E sections

Root resorption was observed along the furcal root surface in the frozen molars.
However, signs of rapid repair of the resorption lacunae were also seen, with cellular

cementum-like material observed along the root surface. (Figs 24, 27, 30)

A definite ankylosis was seen in two treatment rats, Rat 3 and Rat 7 (Figs 29, 31). When
present, fusion between the bone and root was only present in a few sections, suggestive
of a focal nature, with finger-like whorls of mineralized tissue extending from both the
bone and root surface into the PDL. The bone and root surfaces adjacent to these
extensions were irregular and characteristic of resorption. A layer of unmineralized

matrix was seen around the area of ankylosis and along its immediate connecting bone
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and root surfaces (Fig 29). Blood vessels within the PDL were seen in close proximity to
the ankylotic tissue (Fig 30).

There was a haphazard arrangement of the PDL fibres which did not appear to display its
uniform directional orientation between the root and bone surfaces (Fig 27). Compared
with the treated rats at day 7, an increased cellularity within the PDL was observed. Cells
lining the bone surface were often cuboidal or columnar, resembling active osteoblast-
like cells. Resorption along the bone surface did not seem as prevalent as seen during day
7. Nuclei were often seen in the lacunae of the alveolar bone.

Similar sized plump cells lining the root surface appeared concentrated around areas of
cellular cementum-like tissue and within the resorption lacunae (Fig 27). Occasionally,
discrete mineralized nodules were noted in the PDL space (Fig 28).

Within the pulp, a zone of odontoblast-like cells was seen only beneath areas of
pronounced unmineralized predentinal matrix. Where bone-like tissue was seen in the
pulp, this layer of cells was absent. However, a concentration of hematoxyphilic cells
lined the surfaces of this tissue and the adjacent blood vessels. (Figs 25, 26)

These observations suggested that where ankylosis was present a highly active repair

process was underway within the PDL, along the bone and root surfaces, and within the

pulp.
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Figure 24. Root resorption with repair cellular cementum-like tissue formation on the root surface,
concurrent with marked localized cellular and vascular changes in the pulp, including bone-like
tissue (**). Higher power views of regions A, B and C are shown in figures 25,26 and 27.

Day 14, Rat 3, Right molar. H&E stain, 10x magnification. Small arrow: the cellular cementum-like tissue
on root surface. Long arrow: amorphous mineralized tissue resembling tertiary dentine. BV: Blood vessels

N

Figure 25. A discontinuous layer of of odontoblas—like cells (arrows) lying deep to a wide layer of
unmineralized predentinal matrix (asterisk)
Higher power view of Region A in pulp chamber in Fig 24, 40x magnification
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Figure 26. Bone-like tissue(**) in pulp chamber surrounded by hematoxyphilic cells. The vascular
pericytes close to this bone like tissue are a rim of hematoxyphilic cells (unbroken arrows) which is
absent around the blood vessels (broken arrows) in the left of this diagram, distant from the bone-
like tissue.

Higher power view of Region B in pulp chamber in Fig 24, 40x magnification

100 um

Figure 27. Signs of rapid repair of resorption along the bone and root surface 14days after thermal
insult with haphazard arrangement of periodontal ligament collagen fibres. Unbroken arrow denotes
cellular cementum-like material. An increased presence of mononuclear cuboidal cells (broken
arrows) lining the root surface compared with Day 7.

Higher power view of Region C in periodontal ligament in Fig 24, 40x magnification
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Figure 28. Unattached mineralized nodule within the periodontal ligament space of the same rat.

Unlabeled arrow denotes cellular cementum-like tissue on root surface.
VK/H&E stain of adjacent section to Fig 27, 20x magnification.

Alveolar Bone
4

Dentine
100 pm_
Figure 29. Deposits of unmineralized matrix along the bone, root surfaces and in the body of the
ankylotic region (arrows). Ankylotic extensions occur adjacent to irregular surfaces characteristic of
resorption along the bone and root surface (asterisks)
Day 14, Rat 7. Right molar. VK/H&E stain. 40x magnification
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Figure 30. Ankylosis with increased cellularity and vascularity in the periodontal ligament. Cellular
cementum-like tissue (broken arrow) on the root surface. Alveolar bone with osteocytes (unlabeled
arrows), some of which are in a different plane to the ankylotic tissue.
Higher power view of adjacent section. H&E stain, 40x magnification. BV: Blood vessels
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9.4.3.2 Unstained sections

Table 3. Distribution of labels among rats in Group 2 (14 days)

Number of labels | Label Type Number of rats | Rat ID

2 Calcein and Alizarin Red | 2 (1 + sham) 3, sham
1 Calcein 4 2,4,6,7
1 Alizarin Red 1 5

There was a wide variation in the appearance of labels in this group (Table 3). Within the
calcein label group, the labels varied from long continuous lines to broken and
interrupted lines. This labeling pattern tended to be consistent through the entire range of

sections within each rat.

In the two rats where ankylosis was noted, there were differences in the label uptake
(Figs 31,32,33).

The first rat with ankylosis (rat 3) had marked mineralized tissue apposition along the
root surface in most sections (Fig 31). Along the root surface, mineralization tended to
occur in an outward direction from the the root surface towards the PDL, similar to the
pattern seen during cementum regeneration 2!, with the calcein label deep to alizarin
red. The labeling pattern ranged from a focal region of calcein and alizarin red labels to a
much more extensive width bucco-palatally, which extended across both smooth and
irregular root surfaces. This suggested apposition had occurred along both unresorbed
root areas and as part of the repair of existing resorption lacunae. The ankylotic region
was characterized by a focal finger-like extension of increased and rapid mineral
apposition along the bone and root surfaces, as seen by the concentration of alizarin red

and absence of calcein.
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In the second rat with ankylosis (rat 7), there was an absence of labeling lines along the
root surface and the walls of the pulp chamber (Figs 32,33). However, prominent finger-
like extensions of mineralized tissue which projected from the root surface suggested
recent formation, as these were not present in the left control molars or in the ‘Day 7’

rats.

All the other treatment rats in this group displayed minimal or no labeling activity on the

furcation root surface.

Alveolar
»Bone

Ankylosis

Dentine

300pm

Figure 31. Focal type of ankylosis with rapid apposition across the periodontal ligament space.
characterized by a concentration of alizarin red (white arrow). Mineralization along root surface has
occurred across both smooth (pink arrow) and irregular (yellow arrows) surfaces characteristic of
previous resorption.

Day 14, Rat 3. Right molar. Unstained. 5x magnification. Calcein and alizarin red labels.
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Figure 32. Finger like projections from the root surface (unlabeled arrows) with an absence of label

uptake along the root surface. Labels in alveolar bone (blue arrow) are short and irregular.
Day 14, Rat 7. Right molar. Unstained. 5x magnification. Calcein label. Mesial section of furcation.

Alveplat’
Bone /),

iy o y 500pm
Figure 33. Ankylosis but no label uptake. White arrows denote the lateral outline of the ankylosis
seen in the adjacent VK/H&E section in Fig 29. Labels in alveolar bone (blue arrow) are short and
irregular.

Rat 7. Unstained. 5x magnification. Calcein label. Distal section of furcation.
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Similar appearances were noted between the molars of the sham rats and the control
molars in the treated rats. The distance between the calcein and alizarin red labels was
greatest in the alveolar bone and much less along the pulp chamber walls. Along the root
surface, no distinction could be made between the two labels. The furcal root surface was
smooth and finger-like extensions were absent from the root surface. The alveolar bone
surfaces were more irregular but this appeared to be characteristic of the tissue, with a

normally active appositional bone surface that undergoes a high rate of turnover. (Fig 34)
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Figure 34. Sham control rat. Mineral apposition greatest along alveolar bone surface with an absence
of mineralization along the root surface. Labels in the alveolar bone (blue arrows) are longer, more
regular and of a more uniform orientation than seen in the rats with ankylosis (Figs 31, 32, 33)

Day 14. Left molar. Unstained. 5x magnification. Calcein and alizarin red labels.

9.4.4 Day 21

9441 H&E and VK/H&E sections
A definite ankylosis was seen in 1 treatment rat (Table 1- page 100). Some common
features were also noted in the pattern of ankylosis as seen in Day 14 (Figs 29 and 35).
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Finger-like extensions connected the focal ankylotic region to the adjacent bone and root
surfaces. A layer of unmineralized matrix lined the peripheral surfaces of the ankylotic
region and between its bone and root connection. Cellular cementum-like material noted
along the root surface (Fig 36) suggested a repair response had occurred, possibly to the

presumed root resorption seen in the earlier time periods.

Three treated rats with no definite ankylosis had large amounts of cellular cementum-like
deposits on the root surface (Rat 1,4 and 5). Finger-like extensions extended from the
surface of the alveolar bone (Fig 37). Mineralized bone-like tissue was occasionally

noted in the central part of the PDL and in the pulp.

In the other two treatment rats (rat 3 and 6), no cellular cementum-like material was
observed along the root surface (Fig 39). Instead, an irregular root surface, characteristic
of resorption was present. Signs of repair were present in the pulp chamber with regular
amorphous, mineral deposits resembling a layer of tertiary dentine along the walls of the
pulp chamber with a cellular layer resembling odontoblasts, deep to an unmineralized

pre-dentine layer (Fig 38).

In all the treated rats, an irregular root surface characteristic of resorption was more

prevalent on the right molars than the left molars. The sham rats displayed no reactive

cellular hard tissue deposits on the root surface or the pulpal walls.
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Figure 35. Ankylosis with deposits of unmineralized matrix (unlabeled arrows) along its peripheries.
Day 21, Rat 2. Right molar. VK/H&E stain. 10x magnification.

:fﬁ ,_'h‘ < - g
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Figure 36. Cellular cementum-like material (arrows) on the root surface.
Day 21, Rat 2. Right molar. H&E stain. Non-adjacent distal section. 20x magnification.
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and bone —like tissue (blue arrows) within the middle of the periodontal ligament and along the walls
of the pulp. Broken arrows: reversal line in alveolar bone
Day 21, Right molar. H&E stain. 10x magnification.

4 - pa
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Figure 38. An irregular root surface (asterisks) characteristic of resorption, and a rim of
odontoblast-like cells, when seen under higher power, lining the walls of the pulp (broken arrow).
Day 21, Rat 3. Right molar. H&E stain. 10x magnification.

117



Figure 39. Cellular-like cementum absent from root surface.
Higher power view of previous section. 40x magnification.

9.4.4.2 Unstained sections

Table 4. Distribution of labels among rats in Group 3 (21 days)

Number of labels | Label Type Number of rats | Rat ID

2 Calcein and Alizarin Red | 2 3,5

1 Calcein 5 (4 + sham) 1,2,4,6, sham
1 Alizarin Red 0

As with the rats in Group 2, there was a variation in the appearance of the calcein labels
which ranged from short and interrupted, to longer continuous lines (Figs 40,41).

(Table 4)

In the rat with ankylosis, only calcein labels were present. These labels were concentrated

along the peripheries of the ankylotic body, and the immediately adjacent bone and root
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surfaces on either side. Along the root, mineral apposition was present along both
smooth and irregular surfaces (Fig 40). This suggested that the ankylosis may have been
a result of an overexuberant mineralized tissue apposition, which may have occurred
initially as a part of a repair response to resorption along the root surface. The absence of
the alizarin red label is postulated to be due to a combination of factors, elaborated in

Discussion (Section 10.2).

In the rats with cellular cementum-like tissue on the root surfaces (when the stained
sections of these rats were viewed with transmitted light) and no ankylosis,
mineralization of discrete nodules within the middle of the PDL was occasionally seen
(Fig 41). Recent mineralization was present along the root surface in focal regions which
seemed to correspond with cellular cementum-like tissue on the stained sections. In this
group of rats, the labeling lines within the alveolar bone appeared shorter, more
discontinuous and of a random orientation compared to the left control side and sham

rats. (Figs 41,42,44).

In the treated rats with no cellular reactive hard tissue root deposits, root resorption was
suggested by the absence of prominent labels along an irregular root surface. No definite
ankylosis was observed. Recent mineralization of apparently ‘separate’ nodules within
the periodontal ligament space was seen. However, this may have been related to the
plane of section, with similar morphological appearances noted in the left control molars

(Figs 43,44).
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Smooth furcal root contours with an absence of scalloping and minimal appositional

activity along the pulp and root surfaces were noted in the left control molars of the

treated rats (Fig 44) and the right and left molars of the sham rat.

> e b I
w.i{? ; 500pm
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Figure 40. Focal region of ankylosis. Active mineral apposition present on the surface of the ankylotic
body and along its immediately connecting bone and root surfaces. Apposition along the root has
occurred across an irregular root surface (yellow arrow) which is characteristic of previous
resorption, and along a smooth surface (pink arrow). Labels in alveolar bone (blue arrows) are short
and irregular.
Day 21, Rat 2. Right molar. Unstained. 5x magnification. Calcein label.
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Figure 41. Mineralization (arrow) within the middle of the periodontal ligament space.
Day 21, Rat 1. Right molar. Unstained. 5x magnification. Calcein label.
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Figure 42. Mineralization of reactive hard tissue which corresponded with cellular-like cementum
tissue when stained sections were viewed under transmitted light. Prominent mineral apposition
present within the pulp (broken arrow) which may also be a feature of the plane of section.

Day 21, Rat 5. Right molar. Unstained. 5x magnification. Calcein and alizarin red labels.
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Figure 43. An irregular root surface characteristic of resorption and mineralization of alveolar bone
nodular extensions (arrows) within the middle of the periodontal ligament space.
Day 21, Rat 3. Right molar. Unstained. 5x magnification. Calcein and alizarin red labels.
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Figure 44. Minimal appositional activity along the root and pulpal surface in control left molar.
Labels in alveolar bone (blue arrows) are longer, more regular and of a more uniform orientation
than seen in the treated rat with ankylosis (Fig 40).

Day 21, Rat 3, Unstained. 5x magnification. Calcein and alizarin red labels.
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9.45 Day 28
9451 H&E and VK/H&E sections

No ankylosis was present in any of the treatment rats. (Figs 45, 47)

An increased cellular density was present in the PDL space compared to the earlier time
periods. These cells appeared to be spindle-shaped cells resembling fibroblasts. There
was a more organized arrangement of the PDL fibres and numerous cuboidal cells
resembling cementoblasts were seen lining the root surface. Various stages of repair of
resorption lacunae were seen along the root surface, with cellular cementum-like tissue
present, though extensive deposits and finger-like extensions were absent (Fig 46). A
scalloped root surface with an absence of repair deposits was occasionally seen (Fig 48).
Along the alveolar bone surface, a combination of cuboidal and flattened cells were seen,
morphologically resembling osteoblasts and bone lining cells. Osteocytes were present in

the lacuna of the alveolar bone. (Figs 46, 48)

Extensive mineral deposits were noted along the walls of the pulp chamber in all the 6
treatment rats, in which dentinal tubules were seen sporadically (Fig 46). The vascular
reactive response to the initial thermal insult was less, as fewer blood vessels were noted
in the pulp chamber compared with the preceding three time periods, although this may
be partly due to the smaller size of the pulp chamber seen in the treated rats (Figs 45, 47).
A well defined, organized layer of cuboidal and columnar cells resembling odontoblasts,
from which dentinal tubules seemed to originate, were seen within a cellular pulp

chamber. These features suggested signs of pulpal repair after the initial freezing insult.
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Similar observations were noted between the controls and the right and left molars of the
sham rat. There was generally a smooth furcal root surface with an outermost layer of
acellular cementum, a cellular pulp and a well defined odontoblast layer. Resorptive
surfaces were not commonly present on the alveolar bone surface. Cellular density

appeared evenly distributed in the PDL, with a rim of cells lining the alveolar bone and

root surfaces. (Figs 49, 50)

3 f :f ! A ,'I ¢ ._'". I ’%-*a; m
Figure 45. Fewer blood vessels in the pulp compared with earlier time periods (Figs 18 and 24), lined
by a rim of odontoblast-like cells (white arrow), which lie beneath a wide zone of reactive hard tissue.

Oblique coronal section. Day 28, Rat 5. Right molar. H&E stain. 10x magnification.
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Figure 46. An organized, cellular periodontal ligament, with a rim of cells lining the root and bone
surfaces (black arrows). Repair of resorption lacunae with cellular cementum-like tissue is seen
along the root surface. Regular, oriented collagen fibres (asterisk) between the root and bone
surfaces, interspersed with spindle shaped cells, and a cellular alveolar bone. The presence of
dentinal tubules (blue arrow) connected to a rim of odontoblast-like cells suggests the reactive hard
tissue to be tertiary dentine.

Higher power view of region A in previous section. 20x magnification.
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Figure 47. A cellular pulp with an irregular root surface (asterisks) characteristic of resorption.
Day 28, Rat 6. Right molar. VK/H&E stain. 10x magnification.
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Figure 48. Absence of cellular-like cementum on root surface with organized arrangement of
collagen fibres (green asterisks) in the periodontal ligament.
Higher power view region A in previous section. 40x magnification.
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Figure 49. A cellular periodontal ligament with a layer of acellular cementum (arrw) lining the root
surface of the control molar
Day 28, Rat 5. Left molar. H&E stain. 20x magnification
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Figure 50. Smooth root surface (white arrows) suggestive of an absence of resorption, and a lining of
cells along the the bone, root and pulpal surfaces (black arrows)

Day 28, Sham rat. Right molar. H&E stain. 20x magnification

9452 Unstained sections.

Table 5. Distribution of labels among rats in Group 4 (28 days)

Number of labels | Label Type Number of rats | Rat ID

2 Calcein and Alizarin Red | 3 (2 + sham) 5, 6, sham
1 Calcein 4 1,2,3,4
1 Alizarin Red 0

The pattern of labels within the sections were divided into 2 groups: a single calcein label
or the double labels of calcein and alizarin red (Table 5). There were no focal
concentrations of labeling lines along the furcal root surface in any of the treatment rats,
with none or a thin lining of labels present. Compared with the three earlier time periods,

the root surfaces were less irregular (Fig 51), suggestive of a repair process of earlier
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occurring resorption. Less resorption may have also been present during the early periods
compared with Groups 1, 2 and 3. These repair processes were also observed
concurrently in the pulp with greater mineral apposition noted along the walls of the pulp
chamber compared with controls (Figs 51,52 ). Occasionally, prominent irregular
surfaces were seen along the root which did not accumulate label (Fig 52). When the
adjacent stained section was viewed, no multinucleated cells were seen in the depths of
this resorptive surface (Fig 48). This suggested an absence of mineralization or active

resorption and possibly a reversal stage.

Similar morphological observations were noted in the left and right molars of the sham
rats. As with the sham rats in Groups 1, 2 and 3, mineral apposition was greatest along
the alveolar bone surface. Mineral apposition was least along the furcal root surface

where the presence of two labels could not be distinguished (Fig 53).
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Figure 51. Less irregular root surface (broken arrows) compared with Days 7, 14 and 21, with
mineral apposition in the pulp (unbroken arrow). Regular, continuous label along bone surface (blue
arrow)

Day 28, Rat 4. Right molar. Unstained. 5x magnification. Calcein label.
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Figure 52. An irregular root surface characteristic of resorption lacunae (broken arrow) along the
root surface which did not accumulate label. This was accompanied by recent extensive mineral
apposition in the pulp (unbroken arrow). Regular continuous labels in alveolar bone (blue arrows)
Day 28, Rat 6. Right molar. Unstained. 5x magnification. Calcein label and alizarin red label.
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Figure 53. Largest mineral apposition within the alveolar bone. Similar rank order of appositional
activity amongst bone, pulp and root surfaces with two labels, as with one label in Fig 22. Similiar
pattern of labels within the alveolar bone in treated and sham rats (blue arrows in Figs 51,52,53):
labels are regular, continuous and approximate the bone surface.

Day 28, Sham rat. Right molar. Unstained. 5x magnification. Calcein label and alizarin red label.
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9.4.6 Polarized light
3 categories of sections were chosen in a pilot trial to further elucidate the variation in the
morphological appearance of the labeling line/lines within the unstained sections of the
experimental rats. Selected unstained sections were categorized as follows:
1. Sections where ankylosis was present (Fig 54A).
2. Sections from the right molars of treatment rats where no ankylosis was observed
(Fig 54B).

3. Sections from a sham rat where no ankylosis was expected (Fig 54C).

These sections were viewed under polarized light, using the Leica DM600B
microscope. In all instances, the bone which formed in the cervical interradicular
region had collagen fibres with a random orientation, characteristic of woven bone. In
rare cases, further from the interradicular crest in the apical region, outside the
1000pum x 1000um region of interest, the collagen fibres adopted an orderly
orientation, characteristic of lamellar bone.

Within the region of interest, as no morphological differences could be distinguished
between the collagen fibres in bone under polarized light across the three categories,
further analysis of the unstained sections from the experimental rats under polarized

light was not undertaken.
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Figure 54. 1000um x 1000um region of interest. No differences in the pattern of polarization across
the 3 categories: within the ankylotic body (arrow, Fig A), alveolar bone (white asterisks, Figs A, B,
C), and mineralized tissue on root surface in treated rats (red asterisks, Figs A, B)

A. Day 14, Rat 3. Right molar. Unstained.

B. Day 21, Rat 5. Right molar. Unstained.

C. Day 14, Sham rat. Left molar. Unstained.

95 Statistical Analysis

Significance was set at the p<0.05 level, with significant outcomes printed in bold. Rat
number 6 in Group 1 was excluded in the statistical analysis as it had a cumulative total

of 5 minutes freezing time. (Section 9.2, page 98)

951 Mineral Apposition rates (MAR)
Logarithmic MAR values were used to obtain a more normally distributed outcome for
fitting linear models as the values of MAR were positively skewed (Appendix 12.3.1 and

12.3.2).
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The adjustment for the multivariate analysis required a modification to the process to
reflect the MAR dataset. Adjusted means in the derivation of mean MAR were set to
consider the differences in proportion of label types seen among the total rat pool, and the

proportion of treatment and sham rats in each of the 4 groups (Table 6).

Table 6. Results of multivariate analysis of the MAR data from all rats®

Variable p-value
Label Type 0.0017
Time 0.0042
Location <0.0001
Side 0.0333
Group 0.6031
Aspect 0.8473
Side*Location 0.0008
Group*Side 0.0035
Time*Side <0.0001
Time*Location 0.0019
Time*Side*Location | 0.0319

¥ Excluding Rat number 6 in group 1

The “buccal or palatal surfaces’ was not a significant predictor of MAR. There were also
no significant interactions between buccal/palatal and side (p=0.6735) or buccal/palatal
and group (p=0.753). Within the treatment rats, there were significant differences

(p<0.0001) in MAR between the control and treatment side.

As expected, no significant differences (p=0.7477) were seen in MAR between the left
and right side of the sham rats. There were also no significant differences between the

control side of the treatment rats and the right side (p=0.5353) or left side (p=0.3719) of
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the sham rats. This suggests that any stress induced from a 20 minute continuous dry ice
application in the treatment rats has no effect on mineral apposition on the bone, root and

pulpal surfaces in the control side.

MAR was significantly (p=0.0295) influenced by a combination of 3 variables: time
(days 7, 14, 21 or 28 at rat sacrifice), side (left or right) and location (bone or root or
pulp). The full list of mean MAR values and p values for each of these time intervals,

side and locations is listed in Appendix 12.3.4. A summary of certain aspects of this is

presented below in the following graphical representations:

95.1.1 Bone

Graph 1. Mean MAR (and SE) on bone surfaces for left and right first molars
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Table 7. Dataset for mean MAR 0N left and right first molars

Days Left SE Right SE p values
sham* 5.90 0.80 5.90 0.80 -

7 5.34 0.78 3.79 0.58 0.055
14 5.70 0.77 7.54 1.05 0.082
21 3.96 0.50 4.64 0.61 0.30

28 5.50 0.74 5.22 0.70 0.74

* Averages of right and left sides for sham rats across days 7, 14, 21 and 28

The MARyone for the sham rats across days 7, 14, 21 and 28 were pooled and averaged for

comparative purposes.

When the left and right treatment molars were compared, no significant differences in

MARone across days 7, 14, 21 and 28 were noted. However, within the right molars,

there was a significant increase (p=0.0018) in MARyone between days 7 and 14, but this

was followed by a significant decline (p=0.013) between days 14 and 21 (Graph 1 and

Table 7). No significant differences were noted within the left molar across days 7, 14, 21

and 28.
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9.5.1.2

Root

Graph 2. Mean MAR (and SE) on root surfaces for left and right first molars
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Table 8. Dataset for mean MAR,; on left and right first molars
Days Left SE Right SE p values
sham* 0.62 0.084 0.62 0.084 -
7 0.60 0.082 0.74 0.10 0.19
14 0.83 0.11 1.74 0.24 <0.0001
21 0.63 0.094 1.32 0.17 <0.0001
28 0.64 0.082 0.68 0.095 0.70

* Averages of right and left sides for sham rats across days 7, 14, 21 and 28

The MAR o for the sham rats across days 7, 14, 21 and 28 were pooled and averaged for

comparative purposes.

There were significant differences (p<0.0001) between the left and right molars in

MAR ot at days 14 and 21. (Graph 2 and Table 8) For the right molar, between days 7

and 14, there was a significant increase (p<0.0001) in MAR . followed by a significant

decline (p=0.0006) between days 21 and 28.

No significant differences were noted within the left molar across days 7, 14, 21 and 28.
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9.5.1.3

Pulp

Graph 3. Mean MAR (and SE) on pulpal surfaces for left and right first molars
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Table 9. Dataset for mean MAR,

ip ON left and right first molars

Days Left SE Right SE p values
sham* 2.42 0.32 2.42 0.32 -

7 1.94 0.28 1.64 0.24 0.33

14 2.58 0.35 3.03 0.44 0.34

21 1.84 0.27 4.35 0.59 <0.0001
28 1.81 0.25 2.88 0.42 0.0061

* Averages of right and left sides for sham rats across days 7, 14, 21 and 28

The MARyp for the sham rats across days 7, 14, 21 and 28 were pooled and averaged for
comparative purposes.

There were significant differences between the left and right molars in MARyp at day 21
(p<0.0001) and day 28 (p=0.0073). For the right molar, there was a significant increase
(p=0.0039) in MAR,up between days 7 and 14, followed by a significant decrease (p=
0.042) between days 21 and 28. No significant differences were noted within the left

molar across days 7, 14, 21 and 28. (Graph 3 and Table 9)
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95.2 MAR and label types
Differences in MAR outcomes among the label types within the 28 experimental animals
were examined further. As the ‘label type’ was a significant predictor of MAR

(p=0.0012), back-transformed adjusted mean MAR values were also obtained for the 3

different label types. (Tables 10 & 11)

Table 10. Differences of adjusted means for 3 label types.

Label types Label types p- value
Calcein and Alizarin Red Calcein 0.15
Calcein Alizarin Red 0.0004
Alizarin Red Calcein and Alizarin Red 0.0048

Table 11. Mean MAR for the 3 different label types

Label types Mean MAR Standard Error
Calcein and Alizarin Red | 2.01 0.17
Calcein 2.34 0.12
Alizarin Red 1.01 0.22

In the presence of only 1 label, “mineral apposition rates’, in strict terms, as defined by
Parfitt [ ] are not able to be quantified. This is because labels are deposited during
the mineralization of the organic matrix, and in the absence of a second label, it was not
possible to quantify the time duration between the administration of the first label and the

mineralized tissue surface.

However, the results above are consistent with the time lapse between label (or inter-

label) administration and rat sacrifice (Tables 10,11, and Fig 3 on page 72). This time
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lapse would have been 8 days for the “calcein and alizarin red label’ rats, 10 days for the
‘calcein label’ rats and 2 days for the “alizarin red label’ rats. By using a time factor of 8

days for all rats, it resulted in the above rank order for Mean MAR values (Table 11).

No significant differences were noted in MAR between the sections with ‘calcein and
alizarin red’ and ‘calcein’ labels (p=0.1624). These 2 label types comprised almost the
entire rat pool (27 out of the 28 experimental animals). As the adjusted means for mean
MAR were set to consider the differences in proportion of label types as part of the
multivariate analysis, it was considered appropriate to maintain the formulae used to
derive MAR (see section 8.11.1.1.4- Measurement parameters) across the entire rat pool.
953 Periodontal ligament width
As the histogram data for PDL width was approximately normally distributed, mean PDL

width was the outcome assessed for statistical testing. (Appendix 12.3.3)

Table 12. Results of multivariate analysis of PDL width from all rats

Variable p-value
Time 0.23
Group 0.80
Side <0.014
Time*Side 0.30
Group*Side 0.036

There were no significant (p=0.30) differences in PDL width across days 7, 14, 21 and 28
(Table 12).
Significant (p=0.036) differences were noted in PDL width between the sham and

treatment rats, when the right and left sides were compared. Within the treatment rats, the
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right PDL width was significantly larger (p<0.0001) than the left PDL width. As
expected, there were no significant differences (p=0.86) between the

left and right side of the sham rat. There were no significant differences between the
control side of the treatment rats and the right side (p=0.29) or left side (p=0.34) of the
sham rat.

This suggests that any stress induced from a 20 minute continuous dry ice application in

the treatment rats has no effect on PDL width in the control side.

Graph 4. Mean PDL width for left and right first molars
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Table 13. Dataset for mean PDL width

Days Left SE Right SE
sham* 134.62 12.36 134.62 12.36
7 131.72 10.11 154.65 10.11
14 123.35 9.36 147.59 9.36
21 125.92 9.36 141.35 9.47
28 112.80 9.36 121.64 9.36

* Averages of right and left sides for sham rats across days 7,14,21 and 28
The PDL width for the sham rats across days 7, 14, 21 and 28 were pooled and averaged

for comparative purposes (Graph 4 and Table 13). Areas of ankylosis were excluded from
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the PDL width derivations. Across days 7, 14, 21 and 28, mean PDL width in the right
molar was significantly (p<0.0001) larger than the left molar.
Up to day 14, the right molar PDL width diverged from the left molar PDL width. After
day 14, there was a downward trend in the PDL width of the right molar, towards
approximating the left molar PDL width by day 28. A decline trend was also noted in the
left molar PDL width over time. This may have been due to an initial hyperfunction on
the left molars, though this was not investigated in this study.

954

955 Resorption

95.4.1 % resorptive surface (Roone or root )
The results from the negative binomial GEE (generalized estimating equations) model are
shown:

Table 14. Variables influencing mean % resorptive surface (Rpone or root )

Variable p-value
Group 0.16
Time 0.062
Side <0.0001
Location 0.0050
Side*Location <0.0001
Side*Group 0.0916

Side (left or right) and location (within the bone, root or pulp) were significant predictors
(p<0.0001) of resorptive surface (Table 14). The time period was also a significant
predictor of resorptive surface (p=0.0279). However, the 3 way interaction effect of

Time*side*location was not a significant predictor of resorptive surface,
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Adjusted mean values for the resorptive surface and corresponding p values at each of the
time periods for the bone or root surface, and the left or right side is in Appendix 12.3.5.
Outcomes are expressed as a percentage of Thone or root. (RefEr to pg 92)

A summary of certain aspects of this is presented below in the following graphical

representations:

9.54.1.1 Bone

Graph 5. Mean surface bone resorption (and SE) on left and right first molars
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Table 15. Dataset for mean % resorptive surface

Days Left SE Right SE

sham* 10.02 2.84 10.02 2.84
7 5.95 0.72 6.60 1.74
14 9.98 1.59 16.36 2.03
21 11.60 4.61 12.98 1.42
28 9.56 1.64 12.12 2.65

* Averages of right and left sides for sham rats across days 7, 14, 21 and 28

The % surface bone resorption for the sham rats across days 7, 14, 21 and 28 were pooled

and averaged for comparative purposes (Graph 5 and Table 15)
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In the treated rats, the % surface bone resorption between left and right molars across

days 7, 14, 21 and 28 was on the borderline of significance (p=0.070). Within the right

molar, bone resorption peaked at 14 days, followed by a decline to day 28.

There were no significant differences (p=0.91) between the sham and the treated rats.

9.5.4.1.2 Root

Graph 6. Mean surface root resorption (and SE) on left and right first molars
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Table 16. Dataset for mean % surface root resorption

Days Left SE Right SE

sham* 2.31 0.99 2.31 0.99
7 0.74 0.65 12.98 3.25
14 1.90 0.57 21.90 3.81
21 0.91 0.39 20.38 3.57
28 1.58 0.52 23.56 3.16

* Averages of right and left sides for sham rats across days 7, 14, 21 and 28

The % surface root resorption for the sham rats across days 7, 14, 21 and 28 were pooled

and averaged for comparative purposes (Graph 6 and Table 16)
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In the treated rats, the % surface root resorption was significantly higher (p<0.0001) in
the right molars across days 7, 14, 21 and 28. The % surface root resorption in the sham

rat was significantly lower (p=0.040) than in the right side of the treated rat.

9542 % numbel’ Of Iacunae (NLbone or root)
As the number of resorption lacunae varied with the T pone or root (S€€ SeCtiOn 8.12.2.1 0N
page 92), a negative binomial model was applied to the data, with ‘number of lacunae’

entered as an outcome and log T pone or root €Ntered as an offset variable. (Table 17)

Table 17. Variables influencing mean % lacunae number

Variable p-value
Group 0.0661
Time 0.0441
Side <0.0001
Location 0.0010
Side*Location <0.0001

Side (left or right), location (within the bone, root or pulp) and time (days 7,14, 21 or 28
days) were all significant predictors of the number of lacunae (Table 17). These were
also the same significant predictors for resorptive surface The 3 way interaction effect of
Time*Side*Location was not a significant predictor of number of lacunae

Adjusted mean values for the number of lacunae and corresponding p values at each of
days 7, 14, 21 and 28, for the bone or root surface, and the left or right side is in the
Appendix 12.3.5.

Outcomes are expressed as a percentage of T pone or root.. A SUMmary of certain aspects of

this is presented below in the following graphical representations:
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9.5.4.2.1 Bone

Graph 7. Mean % lacunae number (and SE) on bone for left and right first molars
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Table 18. Dataset for mean % lacunae number for bone (NLpgne )

Days Left SE Right SE

sham* 13.31 2.66 13.31 2.66
7 8.65 1.55 11.12 2.80
14 15.52 2.03 22.26 2.00
21 14.06 3.51 16.65 1.22
28 12.63 2.52 15.41 3.26

* Averages of right and left sides for sham rats across days 7, 14, 21 and 28

The % of bone lacunae for the sham rats across days 7, 14, 21 and 28 were pooled and

averaged for comparative purposes (Graph 7 and Table 18)

In the treated rats, the % of bone lacunae was significantly larger (p=0.0241) on the right

molar than the left molar across the experimental period at days 7, 14, 21 and 28. As with

the % surface bone resorption, for the right molar, % of bone lacunae peaked at 14 days

and continued to decline by day 28.

There were no significant differences (p=0.75) between the sham and treated rats.
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9.5.4.2.2 Root

Graph 8. Mean % lacunae number (and SE) on root for left and right first molars
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Table 19. Dataset for mean % lacunae number for root (NL )
Days Left SE Right SE
sham* 3.74 0.70 3.74 0.70
7 0.78 0.69 15.48 2.51
14 3.14 1.04 26.89 4.38
21 2.15 0.58 27.00 3.85
28 2.29 0.88 26.57 4.11

* Averages of right and left sides for sham rats across days 7, 14, 21 and 28

The % of lacunae for the sham rats across days 7, 14, 21 and 28 were pooled and

averaged for comparative purposes. (Graph 8 and Table 19)

In the treated rats, the % lacunae number was significantly higher (p<0.0001) in the right

molars across days 7, 14, 21 and 28. As with % surface root resorption, resorption on the

left molar remained unchanged over time. With the right molar, root resorption

significantly increased (p<0.0001) between days 7 and 14, and continued to remain at

elevated levels by day 28, showing a mild increase (for % surface root resorption), or

continuing to remain steady (for % lacunae number) between days 14 and 28.
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The % lacunae number along the right side root surface of the treated rats was
significantly higher (p=0.040) than in the sham rats.

9.55

9.55 Relationship between % surface resorption and % number of lacunae
With % surface resorption on bone or root surfaces as the outcome, the % number of
lacunae, NLpone or root Was a significant (p=0.0027) predictor variable. The combination of

N Lpone or root 2Nd location were also significant variables (p=0.0148). (Table 20)

Table 20. Interaction between R pone or root AN NLpone or root

Variable p-value

% number of lacunae 0.0027

% number of lacunae * location | 0.0148

With further analysis of the GEE(generalized estimating equations) parameter estimates,
this relationship was quantified as for every unit increase in the number of lacunae, the
number of resorptive surface units increased by a rate of 1.04 in the root and to a slightly
larger extent in bone (1.09). The higher value for the bone surface may be associated with
the extensions of resorption lacunae observed, which were generally slightly wider on the

bone surface than the root surface.

9.5.6 Error study
Individual limits of agreement were -0.14 + 0.64 pm/day for MARpone, -0.03 £ 0.08
pm/day for MARoot, -0.14 £ 0.24 pm/day for MARpy. The standard deviations for
MARpone extend over a wider range than reported in other studies & 1% 211 This may
have been due to the large proportion of woven bone within the furcation with short

continuous labels also being accounted for.
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The limits of agreement for PDL width was -4.26 + 10.36um, with a 2 standard
deviations range from -24.98um to 16.46um. The average difference for the ‘% of
resorptive surface’ was 6.45, with an upper limit of agreement of 9.67 and lower limit of
agreement of -8.38. This negative bias for PDL width and positive bias for resorptive
surface measurements may have been partly due to this research being carried out by a
single operator and sections not being blinded to the operator during the

histomorphometric measurements.
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10. DISCUSSION

10.1 Methodology

10.1.1 Sectioning, mounting and staining
A problem in this research study was obtaining and mounting flat, intact sections. Section
material loss was first noted during the sectioning process with the microtome. The
variables of blade quality, speed, sharpness, and moisture appeared to have minimal

influence on the loss of structure.

It was noted in all the torn sections, the specimen was not completely embedded with
methylmethacrylate material. This was postulated to be due to the incomplete infiltration
of the specimen with the embedding material, as discussed in the ‘Processing protocol’
below. Manipulation of the already brittle section during the subsequent mounting of
sections and staining further increased material loss. Occasionally, folds in sections had

to be left in situ to minimize further loss.

Cellular detail was not consistent across the sections. This may be related to the integrity
of the sections as all rats received the same processing and staining protocol and the

quality of the cellular detail did not appear to be related to the day of sacrifice or the stain

type.

Under fluorescent light, folds within the unstained sections usually appeared as a diffuse
zone of increased colour intensity. To minimize the analytical problems, a set of
measurement protocols had to be developed for quantitative analysis. Areas of the slide
where the section was partially missing, torn, stretched or folded, was disregarded.

(Section 8.11.1.1.3)
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While the use of VK/H&E staining for the undecalcified sections delineated the
topography of the bone and root surfaces well, cellular detail within the PDL was

occasionally lost due to the processing of sections.

10.1.2 Processing protocol
Further experimentation is needed with the length of the dehydration protocol, especially
the role of the acetone stage. Acetone acted as a rapid dehydrant which was miscible with
both ethanol and methylmethacrylate. Through a clearing processt*??, it removed the
water-based graded ethanol solutions from the rat maxilla specimen and allowed
infiltration with the methylmethacrylate. This was a necessary stage as ethanol was not
miscible with methylmethacrylate. Brown [*??! also emphasized the importance of at least

4 changes of acetone, prior to infiltrating with monomer under vacuum.

The protocol used was one which had been successfully used for the rat tibia. It is
probable that the rat maxilla had a thicker cortical plate. All specimen blocks were
ground to the level of the gingival margin to remove the enamel layer. However, from the
pilot 3D CT study on an embedded experimental rat specimen block, it was noted there
was still a thin layer of enamel present in the depths of some occlusal fissures and buccal
and palatal surfaces of the crown. It was not considered feasible for the specimen blocks
to have been ground more apically due to the close proximity of the interradicular
furcation. This residual enamel may have adversely affected the infiltration of
methylmethacrylate into the specimen as well as causing inconsistent cutting with

damage to the specimen due to the enamel density.
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As such, it was likely that the specimen blocks were of more variable density that the
rat’s tibia. A longer period for the clearing and infiltration processes under vacuum may

have been beneficial by optimizing each of the above processes.

10.1.3 Orientation- determining the furcation region
The CT images obtained from the Skyscan 1072 (Section 9.2) validated the use of
coronal sections to delineate the middle third of the upper first molar as the furcation

region.

It was noted that several experimental rats had oblique coronal sections across the left
and right molars. This resulted in an exaggerated linear measurement or a distorted crown
appearance of the teeth. This may be partly related to the absence of fine controls on the
Reichert-Jung microtome to allow precise 3 dimensional positioning of the specimen
block on the aluminium stub. Occasionally, porosity on the occlusal surface of the block

made visualization of the mesial margins of the upper first molars more difficult.

These two factors may have accounted for sections in some rats not being at the same

depth with regard to the mesial margins of the upper first molars.

10.2 Mineralized tissue labels
Of the 28 experimental rats, 20 had one calcein label present, seven had the double labels
of calcein and alizarin red and one had alizarin red label present. This type of label
patterning did not seem to restrict itself to sham or treatment rats, suggesting the

application of dry ice was not a factor in determining this label pattern (Tables 2,3,4,5).
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Within the treatment and sham rats, the number and type of labels was consistent
between the right and left molars across the bone, root and pulp surfaces. Occasionally,

labels were absent from the root surface due to its low appositional activity.

While label escape, increases in mineralization times with corresponding decreases in
mineral apposition rates 'Y, and the presence of resting periods'*?®! during
mineralization of BMU’s would account for an increased proportion of single labels to
double labels, the proportion of the first and second single labels within the same section
would be similar™™. However, as the resting periods for different BMU’s may occur
with random frequencies with respect to a given label time and be of different
durations™®4, this would result in single and double labels of different lengths!**%! .
Tam!'%! showed that interlabel intervals greater than 3 days in rats included rest periods
with temporary cessation of matrix synthesis. The above reasons do not account for the

complete absence of alizarin red label within all sections in twenty rats.

Frost!""! stated that if biopsy occurred within 24 hours of label administration, label loss
may occur due to elution within the fixative. This label storage escape may be a factor as
all rats except one had retained the earlier calcein label. However, other labeling studies
in the alveolar bone of rats have successfully used a 2 day period after label
administration before sacrifice 1. As with other studies®" ", the alveolar bone of rats in
this study was an area of active mineral apposition, which would have facilitated the
deposition of mineral to cement the 2™ label. If storage escape was the sole factor, all
treated rats within each group would have the same number of labels visible under

fluorescence which was not the case.
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Another factor that may have accounted for the presence of only single labels are
geometric projection errors where double labels appear as single labels on obliquely cut
sections!’" 4. The use of a standardized protocol in sectioning (section 8.10) all
specimen blocks would have minimized this error. This reason alone does not explain the

inconsistency in appearance of labels among the specimen blocks.

As no gross relationships were seen as discussed, it is likely that a combination of all the
above factors were present to account for the appearance of single calcein labels where
double labels were administered. The one rat with a single alizarin red label present may
have been due to inadvertent administration of the initial bone label directly into the

intestinal tissues.

There was a distinct contrast in the appearance of the labels in alveolar bone between the
treated and control molars, in the cohort of rats which had definite ankylosis (Table 1). In
the treated molars with ankylosis, the labels were usually short, irregular and of a
reduced density, while they were long and continuous in the control molars. This contrast
was most pronounced at day 14, where ankylosis was observed in 2 out of 6 treated rats
and was accompanied by a peak in bone resorption and mineralized tissue apposition
along the bone surface. However, the label distribution tended to return to a regular shape
consistent with the control molars by day 28. This difference in label patterning was not

as marked in the cohort of rats with no ankylosis.

The contrast of the labeling lines in these 2 cohorts of rats suggests that in the
development of ankylosis, resorptive surfaces within alveolar bone are increased. A

more normal appearance of generalized regular bone formation was seen in the rats with
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no ankylosis. This pattern of appearance of labeling lines in remodeling and modeling
regions of alveolar bone was also observed by Vignery et al’®. The variation in labeling
pattern may also be accounted for by an increased presence of woven bone, characterized
by its rapid deposition and low mineral content 1%, resulting in label escape’ ', with
more variable resting periods, in contrast to a more organized pattern of mineralization of

lamellar bone.

Ankylosis in the PDL was characterized by a focal region with a marked concentration of
labels in situ. This showed the development of ankylosis was characterized by localized
and rapid mineralized tissue formation. Extensive rapid mineralization was also seen
along the adjacent bone and root surfaces but with minimal extensions into the PDL
space. This was particularly so along the adjacent root surface where the demarcation of
labels and the root surface could be clearly distinguished. This appeared to correspond
with the mineralization of cellular cementum-like deposits on the root surface, when
compared with adjacent stained sections. This suggests that where ankylosis did occur, it
appeared to be a spatially and temporally controlled event. The presence of inhibitory
molecules within the central region of the periodontal ligament may have prevented

complete mineralization of a wider zone of the PDL !,

It is interesting to note that areas of ankylosis, as seen on adjacent stained sections did not
pick up any label when the corresponding adjacent unstained section was viewed under
fluoresecent light ie: sections from the treated rat 7 in Group 2. It is probable that the
surface of the ankylotic region may have been at a resting, resorptive or reversal stage

with no concurrent mineral deposition during the period of label administration *2*.
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10.3 Mineral tissue adaptation

10.3.1 Bone
The observation that the alveolar bone crest is the site of greatest mineral apposition
among the 3 mineralized tissue surfaces is consistent with other studies that have used
bone labels ™. The results for MAR bone in the left molars are in the ranges reported

in other studies of male rats of comparable ages ' 2.

Greater resorptive activity was noted along the treated bone surface between days 7 and
day 28. This difference from the control teeth was most marked at day 14 and could be
due to the removal of sterile necrotic tissue along the alveolar bone surface. This could
have been a result of surface resorption by osteoclast-like cells within the PDL as
inflammatory cells were not present. Surface resorption was also the most common
pattern of resorption observed by Hammarstrém et al®! and mainly occurred in teeth

where the PDL was still vital.

The freezing stimulus appeared insufficient to induce complete and prolonged cell death
as increased cellularity within the PDL with functional orientation of its collagen fibres
had returned by day 28. The presence of osteoclasts in situ may have accounted for the
continuing elevated levels of bone and root resorption till the last observation period of
day 28. Alternatively, the activated osteoclasts may have been derived from the early
presence of regenerating vascular channels, which has been postulated to be a recruitment

source of mononuclear precursor cells of osteoclasts and odontoclasts B4 ¢!,

Mineral apposition increased between days 7 and 14 within the treated molars, consistent

with a repair response. While there was a wide variation in the natural anatomy of the
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alveolar bone surface, no widening of the bone marrow channels was observed during the
earlier time periods which were most marked by a reduced cellular density in the PDL.
This would suggest the blast-like cells in the PDL were more likely to have been derived
from pool of undifferentiated mesenchymal cells apical to the interradicular region ¥, or
from osteoprogenitor cells in the perivascular region (8] The decline in the levels of
mineralized tissue apposition by day 28 may be partly explained by the remodeling of the
woven bone into a lamellar bone type, which has a lower rate of mineralization**!. A
decrease in the remodeling rate of mineralized tissues over the four weeks was unlikely to
have accounted for the late decline trend of apposition and resorption levels in alveolar
bone, as this trend was not observed in the control teeth. This is in contrast to the findings
reported by Misawa et al !, who found significant decreases in mineral apposition rate in
male Winstar rats from 8 to 12 weeks. This may be related to differences in nutrition,
storage and handling conditions as the average weight gain of the rats was greater that

that observed in the present study.

Discrete bone nodules were also observed in the PDL space apparently unattached to the
bone and root surface. The nodules were seen in two rats, one with root resorption and
cellular cementum repair but no sign of ankylosis (Day 21, rat 1) and the other with
cellular cementum repair and ankylosis (Day 14, rat 7). They appeared reactive in nature
with occasional active surface mineralization. Lindskog and Blomloft®®! observed islands
of cells resembling epithelial cell rests in close proximity to these non-attached bone-like
tissue, and suggested that these did not develop further into ankylosis. However,
Wesselink and Beertsen™®! found no correlation between the prevalence of epithelial cell
rests and the resolution of ankylosis by resorption, following the termination of

bisphosphonate therapy in rats. The findings from this study suggests the nodules may
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have been the initial nidus in the development of ankylosis as where ankylosis was
established, the ankylotic body was nodular in shape connected by finger-like extensions
to the bone and root surface, and lined by a rim of unmineralized matrix, with an
concentration of labels in situ. This supports the finding Hammarstrom !, who observed
that ankylosis started with the formation of bone-like tissue in the central region of the
PDL, which then fused with newly formed hard tissue on the root surface and socket

wall.

The close interrelationship between mineral apposition on the bone surface and bone
resorption suggests a highly regulated and coordinated nature between the resorptive and
formative processes on the alveolar bone surface. This suggests a possible inbuilt
homeostatic mechanism within the periodontium to maintain the width of the periodontal

ligament.

10.3.2 Pulp
The time delay in the peak of reactive hard tissue formation in the treated molars may be
due to the 20 minute thermal insult initially resulting in partial pulpal cell death,
including the odontoblasts, and the time required for the differentiation of odontoblast-
like cells. This was a sterile necrosis as no inflammatory cells were seen in the pulp
chamber. The early increase in the number of small blood vessels could be due to an
initial vasodilation during the initial stages of an inflammatory process and new
microvessel formation™®! . This early repair response suggests the vascular supply to the
pulp was not irreversibly compromised by the thermal insult and that enough cells may

have survived to maintain mineral apposition rates similar to the untreated left side.
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The reactive hard tissue seemed to have the characteristics of reparative dentine (one of
the 2 subtypes of tertiary dentine) as no continuity of tubules was noted in this dentine
and the underlying primary dentine. Trowbridge™? stated that the atubular junctional
zone between the reparative dentine and the overlying dentine seemed to limit the
diffusion of irritants into the pulp. The increase in mineral apposition seen at day 21 and
day 28 were from odontoblast-like cells that presumably replaced the primary
odontoblasts. These cells could have arisen from metaplasia of the pulpal fibroblasts or
from stem cells and endothelial cells within the pulp ™27, The rate of tertiary dentine
formed was between 2.88-4.35um/day (Table 9). This had similar temporal
characteristics to other studies that investigated tertiary dentine beneath deeply restored
cavities, where the appositional rate ranged from 3.3-3.95um/day. A similar time lag of
approximately 2 weeks post insult (ie: cavity preparation) was observed in its formation

in monkey teeth, with the rate of formation declining in the later time periods "%,

The concurrent presence of large mineralized deposits within the pulp and ankylosis
within the periodontal ligament was also noted in other studies, which was suggested to

be related to a more extensive injury ["® %%

. The pulp chamber did not appear to undergo
remodeling, with the labeling lines always regular and continuous across all 4 time
periods. Progressive mineralized tissue deposition and an absence of resorption were
seen, concurrent with a decrease in the physical size of the pulp chamber. However, these
observations were mainly of teeth where only small focal regions of ankylosis were seen,
over a short period of time. Resorption of extensive mineralized deposits within the pulp
has been observed to occur between 60 to 120 days in replanted rat molars [®). Yu and

Abbott stated that resorption within the pulp was more likely to occur with replantation

injuries, where the apical blood supply has been severed *%. As such, the absence of
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resorption within the pulp chamber in this study may be related to the mild nature of the

thermal insult.

In one of the rats with ankylosis, bone-like tissue surrounded by hematoxyphilic cells was
observed in the region of the pulp where the odontoblast layer was discontinuous.
Vascular pericytes have been found to be a source of stem cells of the osteoblast
lineage™Y . It is postulated that the osteoblast/cementoblast-like cells that formed the
bone-like tissue may have been derived from the vascular pericytes as only the blood

vessels in the vicinity of this bone-like tissue were lined by hematoxyphilic cells.

Comparing the histological changes that occurred within the pulp to that seen during
orthodontic tooth movement, it would suggest that a 20 minute dry ice insult does
provoke a more pronounced response. 2 Yet the ongoing vitality and cellular

regenerative capacity of the pulp suggests a highly adaptive response to injury.

10.3.3 Root
The root surface had the smallest mineral apposition rate amongst the three mineralized
tissue surfaces studied; the bone, root and pulp surfaces. The increase in mineral
apposition noted on the root surface at days 14 and 21 also coincided with the time
periods where ankylosis was most prevalent. In the rats with ankylosis, no lamellae were
observed within the irregular whorls and finger-like projections of cellular cementum-like
mineral deposits attached to the root surface. The matrix had a similar morphological
appearance to woven bone under polarized light but it was not possible to distinguish
between these two types. Bone-like tissue deposited on the root surface has been noted in

previous studies on ankylosis [ 8693941
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Based on the labeling pattern and the physical extensions of the cellular cementum-like
deposits on the root surface into the PDL space, the amount of mineralized tissue formed
seemed to be more than just the replacing the tissue lost by root resorption and possibly
represents an exuberant repair response by cementoblast or osteoblast-like cells, which

was postulated by Dreyer!®! to occasionally lead to ankylosis.

Within the PDL, the freezing insult appeared to have caused a partial necrosis of cells at
day 7, including the original cementoblasts. However, this was followed by a marked
cellular response at day 14 concomitant with extensive deposits on the root surface. As
cementoblasts are terminally differentiated cells, the source of these cells at day 14 could
have been derived from undifferentiated mesenchymal cells within the PDL, carried into
the area by blood vessel growth during the early stages. The differentiation into active
cementoblasts during the repair of root resorption may also have been assisted by

epithelial cell rests of Malassez 4,

The significantly greater root resorption observed along the root surface of the right
molar compared with the left molar during the earlier time periods was expected as this
model was adapted from one first developed as a model for generating root resorption 3.
Root resorption levels were sustained at day 28, as also suggested by the sparse lining of
labels along the root surface and its absence in regions of root resorption. This is
consistent with Dilulio’s °® findings, though different methods were used to assess
resorption.

It may be that the root surfaces were in the reversal stage of the remodeling cycle and/or

active resorption may still have been present. In contrast, earlier studies utilizing this
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hypothermic model found a decline in resorptive activity by day 28 8 *3 with a
reduction in clast cell presence. However, these studies also had a higher incidence of
ankylosis, associated with acellular areas within the PDL. Shaboodien'®® also found the
extent of ankylosis was more extensive over time. While the above studies all utilized a
similar freezing duration, the variations in findings on resorption and ankylosis and PDL
architecture suggest a milder type of insult in the present study, characterized by the rapid
re-establishment of cellular architecture and absence of ankylosis and inflammatory cells
within the PDL at day 28. Technical and operator variables to account for these

differences in findings are discussed further in section 10.6.

Morphological signs of repair of resorption lacunae with deposition of cellular
cementum-like deposits were evident from day 14, which continued till day 28, as seen
by the smoother root surface. The variabilities in its presence and the reduced incidence
of these deposits in the day 28 rats could be due to an ongoing, dynamic remodeling
along the root surface where the root resorption in the later time periods may have had a
role in eliminating areas of focal apposition along the root surface, as found by Wesselink
et al ! and postulated in other studies®” % 2%, This is supported by the findings of
Dilulio et al 8 who found a reduced frequency of ankylosis at the day 28 observation
periods. This was associated with adjacent resorptive areas which usually did not show
signs of repair. Interestingly, the ankylotic areas in Dilulio’s study were all associated
with an intact cementum surface.

As the day 28 rats in this study were among the first treated, with a postulated mild type
of insult, it is probable that less cellular cementum-like deposits may have formed along

the root surface. Any improved masticatory stimulation by day 28 was unlikely to have
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played a role in this reduced incidence of ankylosis as increased mastication was found to

partly prevent ankylosis, instead of eliminating areas of established ankylosis .

Root resorption was seen in the untreated control left molar but this was superficial and
infrequent. There was no apparent predilection for any particular zone within the region
of interest. This may have arisen as a result of increased masticatory function on the left
molars after the right side thermal insult 3. Cellular cementum-like deposits were also

absent from the root surface.

10.4 Periodontal ligament width
The widening of the PDL width may be possibly attributed to an increased swelling
within the PDL, associated with an increase in the number and/or size of existing blood
vessels. The blood vessels within the PDL were most prominent during the earlier time
periods but were not as noticeable by day 28. A decline in fluid extravasation from the
blood vessels would also partially explain the decrease in PDL width in the later
observation periods.
The treatment molars were probably also relatively hypofunctional, but investigation of

the rats’ right or left masticatory preference was beyond the scope of this study.

Several other reasons are hypothesized to account for the significantly larger (p<0.0001)
mean PDL width on the right molar across days 7, 14, 21 and 28 days:
1. Areas of ankylosis in the treated molars were excluded from the calculations of
PDL width.
2. Resorption along the bone and root surfaces seen from day 7. This continued to

remain elevated till day 28. Where ankylosis was observed in localized focal
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regions, adjacent resorption of the bone and root surfaces were seen. This may
also have also contributed to a net overall slight increase in width.

3. Problems with oblique sections. Even though measurement protocols were
adhered to when taking measurements, some discretion was still needed in
outlining the area of the PDL to be measured where there were sudden increases
in PDL width towards the buccal or palatal as this would not have been in the
furcation region. This would have equally affected the left and right side
measurements and should be random in its effect.

4. The surface margins of alveolar bone were occasionally indistinct in sections,
especially for recently formed mineralized tissue which had the tendency to form

in irregular whorls and finger- like projections instead of regular lamellar sheets.

10.5 Treatment and sham rats
Frost has termed the non-specific elevation of bone formation and resorption which
follows noxious stimulation as a regional acceleratory phenomenon (RAP) [} which has
been noted in regional areas and the contralateral side in other studies”® **3. From the
quantitative MAR and resorption data, labeling pattern and PDL width, no regional
acceleratory phenomena were seen in the internal control molars compared with the sham
control specimens. This suggests the use of the unfrozen contralateral molar in treated

rats may be a valid control to use to examine the mineralized tissue responses.

10.6  Ankylosis
Where ankylosis was observed, the close proximity to blood vessels in the earlier
observation periods was consistent with the pattern of formation of woven bone occurring

adjacent to newly formed blood vessels during the healing of tooth extraction sockets
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(34 The vascular pericytes may have been one of the sources of the precursor stem cells
of the osteoblast/ cementoblast lineage ). However, the blood vessels may have also
facilitated resorption within the periodontium. Castelli et al™**! found a higher vascular
density within the PDL of replanted monkey incisors in areas of root cementum
resorption than in areas of ankylosis. They suggested that a higher oxygen tension
promotes osteoclasis. Similar observations on the proximity of vascular structures and

osteoclasts within the PDL were noted by Biancu et al ™!,

The hypothermic injury could have been insufficient to have produced ankylosis at day
28, yet enough to induce persistent active bone and root resorption for the stimulation of
ongoing phagocytosis. As inflammatory cells were absent within the PDL, non-
inflammatory mediators such as TGF-B and M-CSF, possibly mediated by osteoblasts™**
241371 'may have had a role in this surface resorption on the root surface, so it could

extend beyond its normal 2-3 weeks duration, subsequent to the initial insult 2.

It was surprising that the most predictive mineralized tissue turnover parameters in this
aseptic root resorption model reflected mineralized tissue formation and resorption on the
root surface, where differences with the left control side were most significant, instead of
the bone surface. This greater role of the root surface and associated formative and
resorptive cells in this focal pattern of ankylosis, has been postulated to be due to a
greater extent of cellular damage on the root side than the bone side of the PDLE®!. This
would be expected with its closer proximity to the thermal insult. A more pronounced
initial formative activity along the root surface was also seen by Dreyer et al %!,

The greater appositional activity along the bone surface compared with the root surface

with a postulated reduced extent of cellular damage could have explained the spike in
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woven bone formation at day 14 but, overall, no significant differences in mineral
apposition along the bone surface over the four observation periods between the treated

and control molars were noted.

The ongoing vitality of the PDL at day 28 appears to be related to the regression of
ankylosis. The active root and bone resorption at the later time periods appear to be a
protective mechanism to remove regions of reactive hard tissue. This resorption and
possibly the source of clast-like cells were associated with vital parts of the PDL®" and
was postulated by Hammarstrém et al® to be a factor in the regression of ankylosis. In
the study by Shaboodien ®®, where a decline in resorptive activity within the PDL by day
28 occurred concomitantly with an increased distribution of ankylosis, numerous avital
areas were noted in the associated PDL. This was not seen in this study. Technical
factors, which were also postulated by Di lulio®®, may have accounted for the intragroup
variability and decreased incidence of ankylosis compared with earlier studies % %I,
These are:

1. inter-rat variabilities in the thickness of dentine and/or enamel on the ground
occlusal surface.

2. Tooth surface to which the dry ice pellets was applied. Dreyer al al ! suggested
the occlusal surface was the best surface for the application of the cold stimulus
as better thermal conductivity occurs when the stimulus is applied parallel to the
dentinal tubules. Due to the small size of the occlusal surface of the molars,
inadvertent differential buccal surface application may have occurred.

3. Inconsistency in the physical size of the pellets applied or replaced. This would
have affected the surface area of contact with the tooth surface and thermal

conductivity. Large pellets would have a diminished area of contact with the
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occlusal surface, with an increased air-insulating effect. During the 20 minute
duration, the pellets had to be frequently replaced as they diminished in size from
evaporation.
Examination of the photos taken during dry ice application suggested that variabilities in
physical size of the pellets applied may have partly explained the variations in the
histological responses seen. Future studies using this model should take into
consideration a method of standardizing the size of the dry ice pellets applied.
Based on the above studies and this study’s findings, it is postulated that with a longer
freezing period, the incidence, permanence and progressiveness of dentoalveolar

ankylosis would eventually be established.

10.7  Clinical Implications of study
Ankylosis may form, but does not establish itself in the presence of a vital PDLM® 894,
Cells within the PDL are still responsible for the maintainence of the PDL width, as has
been found in other studies with PDL fibroblasts 13 %% 4748138139 The role of the

epithelial rests of Malessez in maintainence of the PDL width remains controversial *®

125]

This thermal model was originally developed to be a more simplified experimental setup
to simulate the root resorption occurring during orthodontic tooth movement. This study
supports the role of root resorption in eliminating focal regions of ankylosis within the

PDL such as in rare case of spontaneous reeruption after secondary retentiont®* - 1401

However, the pathogenesis of ankylosis differs, depending on the cause, and this may not

be extrapolated to the more common clinical scenario of physically traumatized incisors.
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While studies have found masticatory function to be beneficial in the repair of the PDL
and prevention of ankylosis®® % it would be clinically relevant to conduct a biological
study on the influence of orthodontic force application on traumatized teeth in the

development of ankylosis to further explore the role of root resorption during ankylosis

development.

10.8 Areas of further study
From this study, it appears that ongoing bone and root resorption, in conjunction with a
decline in the mineralized tissue formation along the bone and root surface, were
predominant factors in maintainence of a uniform PDL width. The increased cellularity
within the PDL with the recovery of cellular vitality within the pulp chamber in the later

time periods may be linked to this regression of ankylosis [*¢ %],

Little is known on the molecular basis of the initiation of ankylosis. It has been suggested
that a balance in the activities of bone sialoprotein and osteopontin may contribute to
maintaining an unmineralized PDL region!®. The paravascular regions in rodents are a
common region for fibroblast progenitors ). In this regard, the protective role of
fibroblasts, as has been suggested in other studies, in particular the competing activities

of RANK and osteoprotegerin for the RANK-L ligand, should be further investigated.

39, 88]

Further research is required into developing cellular labels or markers to trace the
movement of the progenitor cells within the PDL during wound healing. This would
hopefully improve our understanding into the factors stimulating their differentiation into

different cellular phenotypes.
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11. CONCLUSIONS

The following conclusions can be drawn from the results of the present study:

1. The low incidence of ankylosis seen in this study may have been due to a mild
nature of thermal insult. Interoperator variation in technique may explain the
differences, compared with other studies using the same model 568 %1,

2. The ankylosis seen in this study was of a focal pattern, characterized by rapid
mineralization within the ankylotic area and along the connecting root surface,
across areas characteristic of resorbed and unresorbed areas. Cellular cementum-
like tissue was always present. This supports the hypothesis of ankylosis being
associated with an exuberant repair response to resorption along the root surface.

3. Discrete mineralized nodules within the periodontal ligament were associated
with reactive hard tissue deposits along the root surface. These nodules may have
a concurrent role in the initial formation of ankylosis.

4. The absence of ankylosis at day 28 could have been due to the absence of formed
ankylosis or mineralized tissue resorption within the PDL and/or along the root
surface may have had a role in in removing focal ankylotic deposits during this
periodontal healing.

5. Atime lag was observed in the formation of mineralized tissue along the walls of
the pulp chamber, compared to along the bone and root surfaces, due to the cell
death of odontoblasts from the thermal insult and the differentiation of new
odontoblast-like cells.

6. Consistent uptake of both bone labels into alveolar bone was not reproducible as
the tissue was of a woven bone type.

7. The periodontal ligament width had an initial widening, possibly associated with a

reactive vascular response, and tended to return towards its original width in the
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10.

later observation periods, concomitantly with a healing response observed within
the pulp and periodontal ligament.

In the rats with no signs of ankylosis and the sham rats, appositional activity was
greatest along the interradicular alveolar bone surfaces in both treated and control
teeth. Appositional activity was least along the furcal root surfaces.

The use of the untreated side molar as an internal control to assess mineralized
tissue responses was a valid control.

The null hypotheses that a single prolonged thermal insult on a rat molar has no
effect on mineralized tissue adaptation within the periodontium and pulp chamber
and that the periodontal ligament width within the interradicular region does not

change in response to this thermal trauma were rejected.
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12. APPENDICES

12.1 Specimen Preparation

Tissue Dehydration and Processing Protocol

The following procedure was used for the impregnation of tissues with
methylmethacrylate. All the procedures below except the last stage occurred in a vacuum
chamber. Each specimen was placed in individual 25ml polypropylene tubes. At the last
stage, to facilitate polymerization of the methylmethacrylate, the polypropylene tubes

were tightly sealed and placed in a water bath in a 37°C temperature regulated oven. For

each time interval, the old solution was discarded and fresh solution replenished:

Fixation- 70% ethanol 1hr

Dehydration- 70% ethanol 4hours
70% ethanol Overnight
85% ethanol 4 hours
85% ethanol 4 hours
85% ethanol Overnight
95% ethanol 4 hours
95% ethanol 4 hours
95% ethanol Overnight
100% ethanol 4 hours
100% ethanol 4 hours
100% ethanol Overnight
100% ethanol 4 hours
100% ethanol Overnight

Defat 100% ethanol 1 hour
100% ethanol 1 hour
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Acetone 24 hours

Infiltration Methylmethacrylate monomer (MMA) 5 days
MMA+Hardener 5 days
MMA+Hardener+Initiator 2-3 days

The hardener was Polyethyleneglycol 400 added to MMA in the ratio of 1 part
Polyethyleneglycol 400 and 10 parts MMA.

The initiator was Bis(4-tert-butyl cyclohexyl) peroxydicarbonate with a measured 0.4%
(w/v of the combined volume of MMA+Hardener) in grams dissolved in the

MMA+Hardener solution to commence initiation of polymerization.

12.2 Slide Preparation And Section Processing Protocol
12.2.1 Slide coating procedures for undecalcified bone sections
All slides were coated with gelatine solution according to the following procedure.
Precoating of slides facilitates adherence of sections. All slides were obtained precleaned.
1. 10 grams of gelatine was dissolved in one litre of deionized water, heated to 60°C
and left to cool.
2. 1 gram of chromic potassium sulphate was then added with the assistance of a
stirrer. This acted as an antifungal.
3. Place slides in racks
4. Each rack was placed in gelatine for a few seconds, then left on extraction

overnight to dry.

12.2.2 Slides with unstained sections- processing

1. Remove filter paper and plastic
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2. Soak slides in acetone (using a coplin jar or slide rack) for 10-15 minutes to
remove methyl methacrylate

3. Clear in 2 series of xylene and place coverslip with adhesive

12.2.3 Slides with undecalcified sections- processing for VK/H&E staining

1. Repeat steps 1 and 2 in Appendix 3

2. Wash gently with distilled water 3x

3. Add 1% silver nitrate (made up in distilled water). This was made from stock 5%
silver nitrate (stored at 4°C) with 1 part 5% silver nitrate and 4 parts distilled
water.

4. Place slides in front of UV source for 1 hour. (the copland jar or slide rack is
rotated once or twice during this time.

5. Wash gently with distilled water 3x.

6. Add 2.5% sodium thiosulphate for 5 minutes. This is made from stock 5%
sodium thiosulphate solution.

7. Wash gently with distilled water 3x.

8. Place slides in haematoxylin for 10 minutes

9. Wash in running tap water for 1 minute

10. Differentiate with acid alcohol (couple of dips)

11. Wash in running tap water for 1 minute

12. Blue in saturated lithium carbonate (25 seconds)

13. Rinse in running tap water (30 seconds)

14. Stain with eosin for 2-4 minutes

15. Dehydrate with a 2 series of 100% ethanol, clear with 2 series of xylene and place

coverslip with adhesive

173



12.2.4 Slides with decalcified sections- processing for H&E staining

1.

2.

12.3

12.3.1

~3>DOO=O®TT

Repeat steps 1 and 2 in Appendix 3

Repeat steps 7-15 in Appendix 4

Statistical Data

Histogram plot of MAR distribution

\
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15.75
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12.3.2 Histogram plot of log MAR distribution
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12.3.3 Histogram plot of PDL width distribution
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12.3.4 MAR dataset

Adjusted mean MAR for the time*side*location interaction

Effect side location time Log MAR Mean MAR Standard error
time*side*location left bone 7 1.6760 5.34417 0.78760
timeside™location left pulp 7 0.6644 1.94332 0.28484
time*side*location left root 7 -0.5039 0.60414 0.08295
time*side*location right bone 7 1.3330 3.79231 058158
time*side*location right pulp 7 0.4979 1.64531 0.24116
time*side*location right root 7 -0.2996 0.74115 0.10176
time*side*location left bone 14 1.7409 5.70227 0.77435
time*side™location left pulp 14 0.9481 258069 0.35041
time*side*location left root 14 -0.1768 0.83791 0.11378
time*side*location right bone 14 2.0205 7.54195 1.05918
time*side*location right pulp 14 1.1092 3.03188 0.44136
time*side*location right root 14 05571 1.74562 0.24387
time*side*location left bone 21 1.3768 3.96205 050559
time*side™location left pulp 21 0.6107 1.84164 0.27420
time*side*location left root 21 -0.4595 0.63161 0.09400
time*side*location right bone 21 15363 4.64742 0.61097
time*side*location right pulp 21 1.4723 4.35906 0.59612
time*side*location right root 21 0.2817 1.32535 0.17413
time*side*location left bone 28 1.7053 5.50286 0.74208
time*side*location left pulp 28 05947 1.81251 0.25284
time*side*location left root 28 -0.4426 0.64237 0.08270
time*side*location right bone 28 1.6543 5.22918 0.70522
time*side*location right pulp 28 1.0589 2.88310 0.42008
time*side*location right root 28 -0.3832 0.68169 0.09508
Differences of adjusted means (p values) for time*side*location interaction
Effect time | side location time side location p-value
time*side*location 7| left bone 7| left pulp <.0001
time*side*location 7 | 1eft bone 7 | left root <.0001
time*side*location 7| left bone 7 | right bone 0.0551
time*side*location 7| left bone 14 | left bone 0.7495
time*side*location 7 | 1eft bone 21 | left bone 0.1262
time*side*location 7| left bone 28 | left bone 0.8853
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Effect time | side location time side location p-value
time*side*location 7| left pulp 7| left root <.0001
time*side*location 7 | 1eft pulp 7 | right pulp 0.3320
time*side*location 7 | 1eft pulp 14 | left pulp 0.1624
time*side*location 7 | 1eft pulp 21 | left pulp 0.7971
time*side*location 7 | 1eft pulp 28 | left pulp 0.7347
time*side*location 7| left root 7 | right root 0.1921
time*side*location 7| left root 14 | left root 0.0962
time*side*location 7 | 1eft root 21 | left root 0.8269
time*side*location 7 | 1eft root 28 | left root 0.7478
time*side*location 7| right bone 7 | right pulp <.0001
time*side*location 7| right bone 7 | right root <.0001
time*side*location 7| right bone 14 | right bone 0.0013
time*side*location 7 | right bone 21 | right bone 0.3154
time*side*location 7 | right bone 28 | right bone 0.1221
time*side*location 7 | right pulp 7| right root <.0001
time*side*location 7 | right pulp 14 | right pulp 0.0038
time*side*location 7 | right pulp 21 | right pulp <.0001
time*side*location 7| right pulp 28 | right pulp 0.0081
time*side*location 7 | right root 14 | right root <.0001
time*side*location 7 | right root 21 | right root 0.0025
time*side*location 7 | right root 28 | right root 0.6745
time*side*location 14 | left bone 14 | left pulp <.0001
time*side*location 14 | left bone 14 | left root <.0001
time*side*location 14 | left bone 14 | right bone 0.0820
time*side*location 14 | left bone 21 | left bone 0.0535
time*side*location 14 | left bone 28 | left bone 0.8527
time*side*location 14 | left pulp 14 | left root <.0001
time*side*location 14 | left pulp 14 | right pulp 0.3413
time*side*location 14 | left pulp 21 | left pulp 0.0970
time*side*location 14 | 1eft pulp 28 | left pulp 0.0709
time*side*location 14 | left root 14 | right root <.0001
time*side*location 14 | left root 21 | left root 0.1636
time*side*location 14 | left root 28 | left root 0.1578
time*side*location 14 | right bone 14 | right pulp <.0001
time*side*location 14 | right bone 14 | right root <.0001
time*side*location 14 | right bone 21 | right bone 0.0131
time*side*location 14 | right bone 28 | right bone 0.0614
time*side*location 14 | right pulp 14 | right root 0.0013
Time * Side * Location 14 | right pulp 21 | right pulp 0.0717
Time * Side * Location 14 | right pulp 28 | right pulp 0.8069
Time * Side * Location 14 | right root 21 | right root 0.1550
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Effect time | side location time side location p-value
Time * Side * Location 14 | right root 28 | right root <.0001
Time * Side * Location 21 | left bone 21 | left pulp <.0001
Time * Side * Location 21 | left bone 21 | left root <.0001
Time * Side * Location 21 | left bone 21 | right bone 0.3014
Time * Side * Location 21 | left bone 28 | left bone 0.0771
Time * Side * Location 21 | left pulp 21 | left root <.0001
Time * Side * Location 21 | left pulp 21 | right pulp <.0001
Time * Side * Location 21 | left pulp 28 | left pulp 0.9375
Time * Side * Location 21 | left root 21 | right root <.0001
Time * Side * Location 21 | left root 28 | left root 0.9313
Time * Side * Location 21 | right bone 21 | right pulp 0.6920
Time * Side * Location 21 | right bone 21 | right root <.0001
Time * Side * Location 21 | right bone 28 | right bone 0.5301
Time * Side * Location 21 | right pulp 21 | right root <.0001
Time * Side * Location 21 | right pulp 28 | right pulp 0.0387
Time * Side * Location 21 | right root 28 | right root 0.0006
Time * Side * Location 28 | left bone 28 | left pulp <.0001
Time * Side * Location 28 | left bone 28 | left root <.0001
Time * Side * Location 28 | left bone 28 | right bone 0.7443
Time * Side * Location 28 | left pulp 28 | left root <.0001
Time * Side * Location 28 | left pulp 28 | right pulp 0.0061
Time * Side * Location 28 | left root 28 | right root 0.7099
Time * Side * Location 28 | right bone 28 | right pulp 0.0004
Time * Side * Location 28 | right bone 28 | right root <.0001
Time * Side * Location 28 | right pulp 28 | right root <.0001
12.3.5 Resorption dataset
12.35.1 % surface resorption
Adjusted means for the time*side*location interaction
Mean %
surface
resorption,
Variable days side Location Rbone or root Standard Error
time*side*location 7 left bone 5.955 0.007264
time*side*location 7 left root 0.748 0.006592
time*side*location 7 right bone 6.600 0.017429
time*side*location 7 right root 12.981 0.032547
time*side*location 14 left bone 9.984 0.015973
time*side*location 14 left root 1.900 0.005721
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Mean %

surface

resorption,
Variable days side Location Rbone or root Standard Error
time*side*location 14 right bone 16.363 2.0302
time*side*location 14 right root 21.907 3.8108
time*side*location 21 left bone 11.602 4,6142
time*side*location 21 left root 0.913 0.3943
time*side*location 21 right bone 12.987 1.4204
time*side*location 21 right root 20.387 3.5726
time*side*location 28 left bone 9.562 1.6464
time*side*location 28 left root 1.586 0.5269
time*side*location 28 right bone 12.121 2.6503
time*side*location 28 right root 23.564 3.1656

Differences of adjusted means (p values) for time*side*location interaction

Variable Time side Location Time Side Location p-value
side*bone_root left bone left root <.0001
side*bone_root left bone right bone 0.0709
side*bone_root left bone right root <.0001
side*bone_root left root right bone <.0001
side*bone_root left root right root <.0001
side*bone_root right bone right root 0.0002
time 7 14 <.0001
time 7 21 0.0011
time 7 28 <.0001
time 14 21 0.5494
time 14 28 0.4320
time 21 28 0.9427
12.3.5.2 % number of lacunae
Adjusted means for the time*side*location interaction
Mean %
lacunae
number,
Variable Time Side Location Nbone or root Standard Error
time*side*location 7 left bone 8.659 1.5548
time*side*location 7 left root 7.85 0.6910
time*side*location 7 right bone 11.129 2.8005
time*side*location 7 right root 15.482 25171
time*side*location 14 left bone 15.524 2.0338
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Mean %

lacunae

number,
Variable Time | Side Location Nbone or root Standard Error
time*side*location 14 left root 3.140 1.0427
time*side*location 14 right bone 22.264 2.0072
time*side*location 14 right root 26.898 4.3811
time*side*location 21 left bone 14.069 3.5143
time*side*location 21 left root 2.157 0.5828
time*side*location 21 right bone 16.651 1.2202
time*side*location 21 right root 27.006 3.8581
time*side*location 28 left bone 12.636 2.5295
time*side*location 28 left root 2.297 0.8838
time*side*location 28 right bone 15.414 3.2660
time*side*location 28 right root 26.572 4.1160

Differences of adjusted means (p values) for time*side*location interaction

Variable Time | side Location Time side Location P-value
side*bone_root left bone left root <.0001

side*bone_root left bone right bone 0.0241
side*bone_root left bone right root <.0001
side*bone_root left root right bone <.0001
side*bone_root left root right root <.0001
side*bone_root right bone right root 0.0016
time 7 14 <.0001
time 7 21 <.0001
time 7 28 <.0001
time 14 21 0.2690
time 14 28 0.0922
time 21 28 0.6330
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