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ABSTRACT

Trauma to the permanent teeth involves not only the teeth but also the pulp, the periodontal ligament, alveolar bone,
gingiva and other associated structures. There are many variations in the types of injuries with varying severity and often
a tooth may sustain more than one injury at the same time. In more severe trauma cases, there are many different cellu-
lar systems of mineralized hard and unmineralized soft tissues involved, each with varying potential for healing. Further-
more, the responses of the different tissues may be interrelated and dependent on each other. Hence, healing subsequent
to dental trauma has long been known to be very complex. Because of this complexity, tissue responses and the conse-
quences following dental trauma have been confusing and puzzling for many clinicians. In this review, the tissue
responses are described under the tissue compartments typically involved following dental trauma: the pulp, periradicular
and associated soft tissues. The factors involved in the mechanisms of trauma are analysed for their effects on the tissue
responses. A thorough understanding of the possible tissue responses is imperative for clinicians to overcome the confu-
sion and manage dental trauma adequately and conservatively in order to minimize the consequences following trauma.

Keywords: Periradicular healing, pulp healing, pulp necrosis, resorption, transient apical breakdown.

Abbreviations and acronyms: HERS = Hertwig’s epithelial root sheath; MMPs = matrix metalloproteinases; PCC = pulp canal calcifi-

cation; PDL = periodontal ligament; PTH = parathyroid hormone; TAB = transient apical breakdown.

INTRODUCTION

Dental trauma is the injury sustained by a tooth and
its supporting structures from acute transmission of
impact energy. Six types of injuries to the periradicu-
lar tissues (i.e. luxation injuries), seven types of tooth
fractures, and their combinations have been described
in the literature." The dental pulp, the periradicular
and the surrounding soft tissues can all be affected by
the trauma, where tissue integrity is disrupted. In
order to re-establish the integrity, these tissues
respond with inflammation at the local level to defend
the body against infection and foreign substances, as
well as to dispose of necrotic damaged tissues, which
facilitates repair and regeneration from adjacent
viable tissues. There are many tissue types involved
including pulp, periodontal ligament (PDL), gingiva
and mucosa, as well as enamel, dentine, cementum
and alveolar bone. The possible responses of these tis-
sues can be very complex due to the types of the inju-
ries and their combinations (e.g. a crown-root
fracture in combination with a luxation injury), as
well as the interaction between individual tissues. Fur-
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thermore, a multitude of factors will directly or indi-
rectly affect the magnitude of the tissue inflammatory
process, resulting in the manifestation of even more
complex and variable responses of these tissues.

The responses of these tissues will determine the
treatment required and the outcome/consequence of
the involved teeth. This paper will present the tissue
responses to trauma under the tissue compartments
typically involved following dental trauma: the pulp,
the periradicular tissues (including the periodontal
ligament and alveolar bone), and their interaction
with the injured root in teeth with complete or incom-
plete root development, as well as the associated soft
tissues (including gingiva and marginal periodontium).
The factors affecting the outcomes of the tissue
responses will be considered subsequently under the
categories of mechanical and biological factors.

Tissue responses can be favourable or unfavourable
in nature. Favourable responses need no or minimal
intervention apart from follow-up by regular reviews
to monitor the pulp, periradicular and soft tissue sta-
tus over time to ensure no adverse tissue changes
occur that require treatment. Fortunately, the most
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common injuries are relatively minor, being enamel
infractions, uncomplicated crown fractures, concus-
sions and subluxations. These injuries rarely pose a
risk to the health or survival of the injured teeth. On
the contrary, unfavourable responses must be treated
in order to control or reduce the consequences of
trauma such as lateral luxations, intrusions and avul-
sions with replantation. The most serious and compli-
cated consequences of these injuries are pulp necrosis
and infection of the root canal system, external
inflammatory root resorption, external replacement
root resorption, ankylosis, bone resorption, loss of
attachment and gingival recession followed by subse-
quent tooth loss.

When assessing wound healing after trauma, one
should not consider each possible tissue response as
an isolated or even final response to the injury;
instead one must also consider that these responses
may occur concurrently or sequentially over time.
Thinking of them as individual events has no bearing
on understanding the entire healing events that occur
from the time of the injury until the tissue has healed.
The concurrent responses may be inextricably con-
nected which lead to variations in more complex
wound healing responses sequentially over the time.

Dental trauma often places clinicians in a stressful
clinical situation and dental injuries are not always
easy to manage. Several recent studies have revealed
that emergency management of dental injuries can
sometimes lead to inferior healing consequences.
Therefore, a thorough biological understanding of the
possible tissue responses and mechanisms of trauma
becomes imperative in preparing the clinician to be
confident in making an accurate assessment of the
severity of the dental trauma so that appropriate
treatment can be performed and the consequences of
the trauma can be minimized.

TISSUE RESPONSES TO TRAUMA

Traumatic dental injuries may inflict a variable degree
of damage to the pulp and periradicular tissues, as
well as the surrounding soft tissues (Table 1). The tis-
sue damage initiates a sequence of events in the
involved tissues with the ultimate goal to heal. This
sequence of events includes haemostasis, inflammation
(whereby leukocytes migrate into the wound in order
to protect the wound against infection and perform
wound cleansing), proliferation (to close the wound
defect with newly formed connective and epithelial
tissue) and reorganization by remodelling. The healing
process is basically the same in all tissues, but varies
clinically depending on the tissues involved. If the
inflammatory process is minimal, healing of these tis-
sues will take place, which is considered to be favour-
able. However, if the inflammatory process is
sustained by a continuous stimulus, such as bacterial
infection, no healing or an unfavourable response will
take place and an active inflammatory process will
continue until the entire tooth is lost.

Pulp responses following trauma to a tooth

The dental pulp is often involved in dental trauma.
The extent of pulp involvement is not the same in all
injuries and depends on the type of injury. Two main
scenarios are involved in pulp injuries. The first one is
pulp exposure to oral bacteria via exposed dentinal
tubules in uncomplicated crown fractures, or via
direct exposure of the pulp wound surface in compli-
cated crown or crown-root fractures. In the second
scenario, the pulp may also be ‘sterile-exposed’ to the
PDL following the rupture or severance of the neu-
rovascular supply to the pulp which may occur at the
apical foramen in luxation injuries or at the level of a

Table 1. Possible responses of the pulp and root canal system, the periradicular tissues, and the soft tissues

following trauma to a tooth

Pulp/root canal system

Periradicular tissues Soft tissues

Favourable responses

Unfavourable responses

Recovery and return to normal
Tertiary dentine formation
Pulp revascularization

Pulp fibrosis

Pulp canal calcification

Chronic pulp inflammation
(pulpitis)
Pulp necrobiosis with
Pulp necrosis
without infection, with infection
Infection of the root canal system
Internal root resorption
surface, inflammatory,
and/or replacement
Combinations of the above:
simultaneously and/or
sequentially over time

Recovery and return to normal
Fibrous healing
Transient apical breakdown

Cessation of root development
Disturbances to root development
Bone resorption

crestal, apical, and/or lateral
External root resorption

surface, inflammatory,

replacement, and/or invasive
Ankylosis:

with or without root resorption
Combinations of the above:

simultaneously and/or

sequentially over time

Recovery and return to normal
Transient marginal breakdown
Fibrous healing (scar)

Loss of attachment/ permanent
marginal breakdown

Gingival recession

Combinations of the above:
simultaneously and/or
sequentially over time
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root fracture in root fractures. These two trauma sce-
narios can also occur simultaneously, as in a crown
fracture with a concurrent luxation injury. All of these
traumatic injuries have direct impact on the health of
the pulp, which may give rise to various pulp
responses, varying from localized or generalized ter-
tiary dentine formation, pulp revascularization, pulp
canal calcification (PCC), to chronic pulp inflamma-
tion, internal root resorption, as well as pulp necrosis
and subsequent infection of the root canal system.

Favourable responses

Recovery and return to normal

In both scenarios, the most desirable outcome after den-
tal trauma is pulp healing, recovery and return to nor-
mal. In teeth with an exposed pulp, healing of the pulp
can be expected via tertiary dentine formation if wound
protection is secured by pulp capping or pulpotomy.?
When the apical foramen is wide enough, pulp revascu-
larization may take place in teeth that have had apical
severance of the neurovascular supply.

Tertiary dentine formation: reactionary or reparative
The dental pulp is a highly specialized loose connec-
tive tissue with a capacity for specific responses to
trauma and microbial insults. It retains the ability to
form dentine throughout life. After the completion of
root formation, the pulp continues forming secondary
dentine but at a much reduced rate. However, in reac-
tion to noxious insults such as attrition, caries, tooth
fractures and luxation injuries, it produces reactive
and reparative tertiary dentine at a rate rising to the
level of that of primary dentine.** Mild injuries, such
as enamel infractions or minor uncomplicated crown
fractures, may cause mild localized inflammation in
the pulp that may resolve and the exposed dentinal
tubules become sclerotic (tubular sclerosis). Mild to
moderate injuries, such as crown fractures with deeper
dentine exposure, stimulate the surviving odontoblasts
leading to a focal up-regulation of secretory activity with
focal secretion of a reactionary dentine matrix in the
dentinal tubules and predentine.* When the injuries
cause death of the involved odontoblasts, the newly dif-
ferentiated odontoblasts from the undifferentiated mes-
enchymal cells in the pulp proper or paravascular
mesenchymal cells produce reparative dentine of consid-
erable diversity with various degrees of tubularity,
depending on the phenotype of the cells involved.

In complicated crown fractures, the pulp is lacerated
and exposed to the oral environment. The pulp responds
with localized inflammation to haemorrhage, break-
down of lacerated tissue, and bacteria and their toxins at
the exposure site. The subsequent changes can either be
proliferation with granulation tissue formation or
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destruction with localized abscess formation and even-
tual pulp necrosis. A proliferative response of the pulp is
more likely to occur with an exposed pulp where the
salivary rinsing prevents impaction and accumulation of
contaminated debris. Even over a period of 7 days,
pulp inflammation is superficial and limited to a depth
of 1-2 mm.’ When exposed dentine or the pulp wound
surface is adequately protected by therapeutic measures
from bacterial invasion, the pulp will recover and the
inflammation will subside (Fig. 1).

Fig. 1 Complicated crown fracture of a developing maxillary left central
incisor of an 8-year-old boy. (a) Immediately after pulp capping and
restoration. (b) The 12-month review radiograph demonstrates formation
of a hard tissue barrier in the coronal pulp and continued root develop-
ment.
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One has to remember that an exposed pulp is not
an infected or diseased pulp. Given the right healing
conditions, the pulp is a survivor. When the pulp’s
neurovascular supply remains intact after trauma
(without a concomitant luxation injury), the pulp’s
immune defence against injury and infection functions
the same as that in tissues in the rest of the body.
When the entrance to the exposed pulp wound is cov-
ered with a restorative material, which limits bacterial
contamination, a dentine bridge (reparative dentine)
will be formed which walls off the exposure (Fig. 1).
However, most dentine bridges contain multiple tun-
nel defects, which do not decrease over time.®

Root fracture can be considered a luxation injury of
the coronal fragment. The type of tissue healing is
based on competition between the pulp and the peri-
odontium. In concussion or subluxation of the coro-
nal root fragment, the pulp often remains unaffected
at the fracture site. The pulp will react in a manner
similar to a coronal pulp exposure under optimal con-
ditions, i.e. with an intact blood supply and absence
of bacterial infection. The dentine bridge will unite
the coronal and apical fragments and act as a callus
for subsequent cementum deposition from the PDL,
leading to a hard tissue healing (Fig. 2).”

Pulp revascularization

Partial or total disruption of the neurovascular supply
to the pulp may occur after a luxation injury or a root
fracture where the coronal fragment becomes dis-
placed. Even with complete severance of the neurovas-
cular supply, pulp healing by revascularization can
occur, provided bacterial infection does not occur and
the size of the apical foramen (>1.0 mm) is adequate
to permit neurovascular in-growth. Capillaries extend
into the ischaemic pulp through the open apical fora-
men within a few days of injury and the speed
depends on the width of the pulp-periodontal inter-
face. End-to-end anastomoses occur in the ruptured
apical vascular supply.” The healing processes begin
apically and move coronally. In some cases, anasto-
moses to pre-existing microvasculature in the pulp
may lead to the survival of the original pulp with an
intact odontoblastic layer. However, in many cases
the revascularization of the pulp appears to occur
mainly by ingrowth of new vessels. Children and ado-
lescents are the major group suffering traumatic dental
injuries. Preserving the pulp blood supply, especially in
teeth with incomplete developed roots, is the goal of
management after injuries to teeth.

Pulp fibrosis

The predominant cells in the pulp are fibroblasts.
With injuries, the locally released cytokines may
stimulate the fibroblasts to repair and occlude the
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Fig. 2 Root fracture of the left central incisor of a 14-year-old girl with
subluxation of the coronal fragment. (a) Immediately after stabilization
with a splint. (b) Healing by calcification is evident at 8 months. The

pulp remains responsive to the pulp sensibility testing.

damaged tissue. With the unbalanced ratio of the tis-
sue levels of matrix metalloproteinases (MMPs) and
their inhibitors (TIMPs), the overall collagen content
in the pulp may be increased with a decrease in the
number of cells leading to pulp fibrosis. Furthermore,
the fibrous sheaths associated with blood vessels and
nerves may persist in the pulp even as the structures
diminish in number with age or injuries. The reduc-
tion in the volume of the pulp canal space may also
give rise to a relative increase in the amount of fibrous
connective tissue. Nonetheless, these degenerative
changes in the pulp do not automatically lead to pulp
necrosis. '
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Pulp canal calcification

PCC is a relatively common outcome after luxation
injuries (i.e. with displacement) and after pulp revascu-
larization in teeth with incomplete root formation or
in the coronal fragment in teeth with root fractures.

PCC is significantly related to the degree of displace-
ment of the tooth in the alveolar socket."™'% A mild to
moderately displaced tooth, such as in lateral luxation
and extrusion, is more likely to develop pulp canal cal-
cification than a severely displaced tooth (which is
more likely to have pulp necrosis). It is closely related
to the damage to the pulp neural supply in the pulp
neurovasculature.'> Dentine formation in the root
canal usually becomes very extensive, presumably due
to a loss of sympathetic control of the secretory activ-
ity of odontoblasts.'* Furthermore, pulp haemorrhage
after trauma can become the nidi for calcification and
lead to the narrowing of the pulp canal space."?

After pulp revascularization in teeth with incom-
plete root formation or in the coronal fragment in
root fractures, the character of the pulp wound heal-
ing varies according to the origin of the repopulating
endothelial cells that provide progenitor cells. In the
case of invasion of PDL-derived progenitor cells into
the root canal, connective tissue will form together
with cementum deposited along the root canal walls.
In the case of an open apex, bone may also invade
the root canal with accompanying PDL fibres. In most
cases, the hard tissues formed progressively can be
dentine, osteo-dentine, alveolar bone or cementum
depending on the origin and differentiation of cells
involved." The new hard tissue is deposited along
root dentine walls leading to the gradual reduction of
the root canal space.

PCC also occurs in teeth with transient apical
breakdown, reflecting the wound healing processes in
revascularization of the injured pulp. Pulp inflamma-
tion and periapical bone resorption co-exist with an
abundance of nerve sprouts.'® Secreted neuropeptides
may stimulate immunological processes and prolifera-
tion that in turn initiate an increase in mineralization
in the revascularized pulp tissue.'”

Teeth with incomplete root formation at the time
of injury sometimes show pulp necrosis confined to
the coronal part of the pulp, while the apical portion
survives showing pulp canal calcification, which
ensures occlusion of the wide apex with calcified tis-
sue. In the displaced coronal fragment of a tooth with
a root fracture, pulp revascularization with subse-
quent pulp canal calcification will proceed on its own
concurrently with the healing of the root fracture by
the faster dominant connective tissue healing of the
periodontal ligament, resulting in connective tissue
healing of the root fracture.”

© 2016 Australian Dental Association

Tissue responses to dental trauma

Unfavourable responses

The oral cavity is quite a hostile environment for
wound healing as saliva contains 10°-10” bacteria per
millilitre.!® For an infection to be established, bacte-
rial colonization with a bacterial count of 10° per
gram of tissue is sufficient. This can be achieved in
the oral cavity with relative ease. Bacteria and their
toxins may invade the pulp through exposed dentinal
tubules or directly to the exposed wounded pulp tis-
sue. Rupture of the neurovascular supply to the pulp
may result in bacterial contamination of the blood
clot through the damaged periodontal ligament space,
resulting in subsequent infection of the ischaemic
pulp.

The progression of pulp inflammation is similar to
other connective tissues, typically through the follow-
ing stages: inflammation, necrosis, infection and loss
of pulp tissue (i.e. to become a pulpless, infected root
canal system).'” Infection leads to the formation of an
inflamed, non-tissue specific granulation tissue at the
expense of the proliferation and migration of tissue
specific progenitor cells. The rigid chamber in which
the pulp resides limits the initial phase of the inflam-
matory response in establishing an antibacterial
defence. Anatomic obstructions of the root canal
system limit the effective access of the immune
defence system that makes complete microbial kill
impossible.

Chronic pulp inflammation

Deep exposure of dentinal tubules in crown fractures
and exposed pulp in complicated crown fractures
which are left untreated for a prolonged period of
time will have extensive proliferation of granulation
tissue at the affected site. If bacteria and other nox-
ious irritants from the oral environment are of low-
grade irritation, chronic pulp inflammation may
occur, initially locally and gradually generally. Hard
tissue deposition or pulp fibrosis in the coronal por-
tion of the pulp occurs concurrently with the chronic
inflammatory infiltrates in the remaining pulp tissue.

Pulp necrobiosis

When plaque and debris are permitted to accumulate
over and impact into the exposed pulp, bacteria will
colonize into the wound, causing a localized pulp
abscess with intense inflammation in the adjacent pulp
tissue. Pulp necrobiosis implies the concurrent pres-
ence of both inflamed and necrotic, infected pulp tis-
sue. The necrotic infected tissue is usually in the
coronal portion of the pulp with the inflamed tissue
apically.
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Pulp necrosis

In cases of extensive or total severance of apical blood
supply in luxation injuries, pulp healing is unlikely in
fully formed teeth with an apical diameter <0.5 mm.
Hence pulp necrosis occurs.

Pulp necrosis without infection

The pulp has its main neurovascular supply
through the apical foramen. Trauma may cause a
sudden, complete severance of the apical blood sup-
ply if the tooth has been displaced from its normal
position in the alveolar socket (e.g. luxations), lead-
ing to infarction and coagulation necrosis of the
pulp.

If the tooth is intact (free from cracks, caries,
restorations or periodontal disease), in the absence of
bacteria, the necrotic pulp may remain sterile and
poses no adverse effects on the surrounding periradic-
ular tissues for a prolonged period (even for years), as
long as it does not subsequently become invaded by
bacteria.

Pulp necrosis with infection

An untreated pulp exposure ultimately leads to pulp
necrosis. Bacterial invasion is the dominant cause via
the exposed dentinal tubules or by plaque and con-
taminated debris accumulating over the exposure. As
the bacterial count increases, the inflammation will
spread circumferentially until the whole pulp becomes
necrotic. Pulp necrosis as a result of coronal pulp
exposure is of the liquefaction type, similar to that
seen following carious exposure.

Bacterial invasion of the ischaemic necrotic pulp
is highly likely. Sources of bacterial contamination
can be the presence of bacteria-harbouring blood
clots in a severed PDL along the root surface or
mechanically damaged cervical root surfaces (bacte-
ria from dental plaque). Colonization of bacteria in
the ischaemic pulp is the predominant reason for
the absence of complete revascularization. It causes
the formation of a leukocyte zone which separates
infected necrotic tissue from the ingrowing apical
connective tissue. Bacteria are found in the necrotic
pulp as well as in the leukocyte zone, but seldom
in the adjacent connective tissue. Pulp necrosis in
developing teeth is significant as it may lead to ces-
sation of root formation leaving weak, fracture-
prone roots.

When bacteria gain access to the coronal fragment
in root fractures, the pulp will become necrotic and
infected, which in turn triggers the accumulation of
inflamed, granulation tissue between the coronal and
apical fragments, leading to non-healing of the frac-
tured root.®1®
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Infection of the root canal system

Once a necrotic pulp has been invaded, the bacteria
or their toxins will spread throughout the entire root
canal system. The necrotic pulp serves as a source
of nutrients for the bacteria, which ingest the
necrotic tissue and render the tooth pulpless. This
may occur with 1-2 months of the initial invasion of
the bacteria.?°

Internal root resorption

Internal root resorption is characterized by the loss of
root dentine along the canal walls as a result of clastic
activity stimulated by pulp inflammation. There are
three forms of internal resorption: surface, inflamma-
tory and replacement. Internal root resorption is a rel-
atively rare occurrence after traumatic injuries in
comparison to external root resorption. The outmost
unmineralized protective layer covering the internal
root surface of the root canal, predentine and the
odontoblast layer, must be damaged following trau-
matic injuries, resulting in exposure of the underlying
mineralized dentine to clastic cells whose origin is
thought to be pulp, coming from the apical part of
the pulp.”"** The progression of internal root resorp-
tion depends on ongoing pulp inflammation, com-
monly sustained by bacterial infection. Without
bacterial stimulation, the resorption will be self-
limiting.

Internal surface resorption

Internal surface root resorption is repair-related. It
usually occurs at the pulp side of the fracture in root
fractures or near the apical foramen in luxated teeth.
The resorption process starts at the line of the fracture
and progresses into the root canal wall of the coronal
fragment. Surface resorption is not progressive. It is
self-limiting. Following root fracture, it is a sign of
hard tissue healing of the fractured root.” The resorp-
tion lacunae are subsequently lined with tertiary
dentine.

Internal inflammatory resorption

Internal inflammatory root resorption is infection-
related and involves progressive destruction of internal
root dentine at any point along the length of the pulp
space. This response is a necessary step in the pulp’s
fight against the invading bacteria residing in dentinal
tubules and the root canal system.

The resorptive lacunae might be filled with granula-
tion tissue. When it occurs in the cervical third of the
root canal in luxated teeth, it may mimic external
invasive root resorption, which gives a clinical appear-
ance of a ‘pink spot’ in the cervical area of the crown.
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For internal resorption to advance, the pulp tissue
apical to the resorptive lesion must have a viable
blood supply in order to provide nutrients to clastic
cells, whereas the infected necrotic coronal pulp tissue
provides stimulation for the clastic cells. With the pro-
gression of the resorptive process, communication
with the periodontal ligament may occur.

The development of complete pulp necrosis stops
the progression of the resorption process. The resorb-
ing clastic cells are thought to be cut off from the
blood supply and nutrients. The bacteria will then
infect the entire root canal system which will become
a pulpless, infected root canal system, with the devel-
opment of apical periodontitis.

Internal replacement resorption

Internal replacement root resorption is repair-related
but is progressive with the invasion of bone-like struc-
ture in the root canal system. It is caused by low-
grade inflammation such as chronic irreversible pulpi-
tis or pulp necrobiosis. The resorptive lacunae in the
dentine are accompanied by the concomitant deposi-
tion of metaplastic hard tissue that resembles bone or
cementum instead of dentine, resulting in an irregular
enlargement of the pulp space with calcification.

The undifferentiated mesenchymal cells may
migrate from the apical pulp which is inflamed. These
mesenchymal cells are multipotent. In the absence of
highly specific molecular signals for the differentiation
of ‘true’ odontoblasts in the reparative dentinogenesis,
the cells retain the osteoblastic phenotype and secrete
a matrix that resembles bone more than dentine. In
addition, the metaplastic tissue may also derive from
mesenchymal cells transmigrated from the vasculature
or originated from the periodontium, analogous to the
ingrowth of connective tissues into the pulp space
using the blood clot as scaffolding, or after pulp
revascularization.

A variant of internal replacement resorption is ‘in-
ternal tunnelling resorption’. It usually occurs in the
coronal fragment following root fractures or in teeth
with luxation injuries. The resorptive process tunnels
into the dentine adjacent to the predentine and pro-
gresses coronally, with concomitant deposition of can-
cellous bone-like tissues. In root fractures, it is a sign
of connective tissue healing.”

Combinations of the above: simultaneously and/or
sequentially over time

The pulp response to trauma is a dynamic process.
Each possible response may not be an individual
occurrence or a final, long-term response to the injury.
Two or more responses may occur simultaneously
and/or sequentially over time.
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Pulp healing, pulp canal calcification or pulp necro-
sis are the three major possible responses of the pulp
following dental trauma. All three responses can occur
at different times. For example, initial healing may be
followed by PCC and subsequent pulp necrosis, or
pulp necrosis may follow PCC many years later, due
to bacterial penetration via caries, cracks, an inade-
quate coronal restoration or new trauma. As the mar-
ginal integrity of coronal restorations deteriorate with
time*® or as caries and cracks develop, bacteria may
gradually gain access into the root canal system, lead-
ing to pulp necrosis and eventually a pulpless infected
root canal system.

Internal inflammatory root resorption may occur
simultaneously with chronic pulp inflammation and
pulp necrobiosis. In root fractures, internal surface
root resorption often precedes fracture healing of hard
tissue or connective tissue and PCC of the fractured
fragment.

One of the risks of pulp necrosis in traumatized
teeth is the development of external infection-related
inflammatory root resorption. This risk emphasizes
the need for careful monitoring of pulp responses to
trauma. Tooth loss after trauma can occur later due
to complications caused by the demise of the pulp fol-
lowed by infection of the root canal system.

In crown-root fractures, subsequent insult to the
injured pulp and peri-radicular tissue from bacterial
invasion can supersede the concern of pulp injuries
and become a primary problem in management. The
feasibility of restoring the remaining tooth structure
apical to the fracture line for adequate coronal protec-
tion of the pulp becomes a primary prognostic factor.

Periradicular tissue responses following trauma to a
tooth

The periradicular tissues supporting and investing the
tooth comprise the PDL, the cementum, the alveolar
bone lining the tooth socket (the alveolar bone
proper) and the dentogingival junction. In immature
teeth, Hertwig’s epithelial root sheath (HERS) deter-
mines continuation of root growth and development.
The periradicular tissue is a complex mixture of
mineralized and non-mineralized tissue of ectomes-
enchymal origin derived from the dental follicle (with
the exception of the dentogingival junction, which is
from reduced enamel epithelium of enamel organ ori-
gin). In the hostile oral environment, an effective
immune response takes priority in dental wound heal-
ing in order to protect the sterile periradicular tissues
from invading bacteria. Activation of the neutrophils,
lymphocytes, macrophages and osteoclasts may lead
to bone resorption, as well as root resorption. Ischae-
mia or contusion of the PDL leads to repair-related
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replacement resorption or ankylosis. The final out-
come of periradicular healing depends on the race
between different cellular ingrowths, as well as bacte-
rial invasion to the damaged root surface. As various
tissue cells are involved in periradicular tissue, the
pattern of healing depends on two decisive factors:
the regeneration potential and the speed with which
the tissue cells bordering the damaged area react.

The peak age ranges for dental injuries in the per-
manent dentition are between 8 to 10 years and the
maxillary central incisors are the most commonly
injured teeth.! In this age group, the permanent inci-
sors have incompletely developed roots, especially in
boys, with relatively short roots, thin root dentine
walls and open apices. The open apices provide an
advantage in pulp revascularization when compared
to the closed apices in fully developed teeth; but the
incompletely developed roots (short, thin-walled)
become a disadvantage in structural integrity when
cessation of root development occurs in cases of pulp
necrosis and infection of the root canal system. Such
teeth will have a poorer prognosis due to the lack of
dentine in the root, with significant aesthetic impact
and psychological implication in a growing child.

Favourable responses

Recovery and return to normal

The survival of the PDL cell layer next to the cemen-
tum root surface appears to be crucial for periradicu-
lar tissue healing including alveolar bone.**** The
PDL recovers well after separation injuries such as
extrusion. Loss of PDL at the alveolar bone end tends
to regenerate. The lost alveolar bone proper and alve-
olar bone can be completely regenerated due to the
remarkable bone-inducing capacity of PDL residing
on the root surface. When transplanted to the connec-
tive tissue of the buccal mucosa, the PDL residing on
the root surface has the potential to form a new lam-
ina dura. Loss of PDL on the cementum root surface
leads to ankylosis.?® However, if defects are less than
4 mm?, ankylosis may be transient in nature followed
by complete healing.*’

Loss of cementum following root fracture leads to
the formation of new cementum on the exposed root
dentine. This repair originates from existing cemento-
blasts located next to the regions of tissue loss.”® The
newly formed cementum may have a multi-layered
appearance resembling alveolar bone, which is the
result of a transient ankylosis.

Initial surface bone resorption may occur when the
overlying periosteum is torn from the cortical bone
plate when displacement of attached gingiva or the
alveolar mucosa occurs during luxation injuries. Bone
deposition relies on the survival of the innermost cellular
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layer of periosteum which has the osteogenic potential
and is strongly influenced by age. When alveolar bone
sustains ischaemic and crushing injuries in intrusions, a
better healing by bone regeneration is often observed in
children with immature root formation.?*>° In addition,
the alveolar bone surrounding the tooth in children is
known to be more resilient, whereby trauma to the peri-
odontium might be attenuated.

Fibrous healing

After the resolution of inflammation, the precursors of
fibrous connective tissue may colonize the root surface
before the appropriate progenitors, which have the
potential to restore the normal architecture of the
periodontium.®! It has been suggested that the osteo-
clasts attract collagen-producing fibroblasts.>* When
trauma causes substantial loss of the alveolar crest,
the adjacent damaged PDL on the root surface may
be repaired by fibrous connective tissue from the oral
mucosa, which is thought to have less osteogenic
potential than the proper PDL, resulting in the lower-
ing of the alveolar crest from its original position after
trauma.

When there is moderate displacement of the coronal
root fragment in root fractures, pulp revascularization
of the coronal segment takes place. This allows peri-
odontally-derived cells to dominate the healing
response. The interposed fibrous connective tissue
between the fractured root dentine surfaces matures
into Sharpey’s fibres.®?3

Transient apical breakdown

Transient apical breakdown (TAB) is part of the natu-
ral healing process of the pulp and periodontium after
the neurovascular supply of the pulp is severed at the
narrow apical foramen in teeth with mature root for-
mation as a result of luxation injuries.>* The alleged
luxation injuries are usually mild, mainly subluxation
with some minor extrusion or lateral luxation. The
greater the tooth displacement in the alveolar socket
such as intrusion or avulsion, the less likelihood of
TAB occurring.

The revascularization process engages osteoclastic
activity simultaneously at the base of the alveolar
socket and in the apical foramen usually at about 1 to
3 months after injuries. The resorption of the alveolar
bone surrounding the root apex and of the root den-
tine within the apical foramen creates space for the
ingrowth of the neurovascular tissue into the pulp
space. This process is transient in nature and stops
once the revascularization of the pulp has completed,
which is usually at about six months after the injury.
The resorbed apical root surface is repaired by deposi-
tion of new cementum by the pre-existing PDL.
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Transient apical breakdown of the apical fragment
may also be observed in root fractures in which the
coronal pulp is severed. However, this phenomenon is
not observed in immature teeth where the open apex
accommodates ingrowth of new neurovasculature.

Unfavourable responses

Cessation of root development

Root development is determined by an active prolifer-
ation of the Hertwig’s epithelial root sheath (HERS),
a continuous sleeve of epithelial cells in the apical
region separating the pulp (dental papilla) from the
surrounding dental follicle. On the pulp side of the
HERS, cells of the dental papilla are induced and dif-
ferentiate into odontoblasts. On the PDL side, cells of
the dental follicle are induced and differentiate into
PDL cells including cementoblasts, fibroblasts and
osteoblasts.”

Therefore, the survival of HERS after trauma is
decisive for further root development.*® Any signifi-
cant damage to this structure will result in partial or
total cessation of further root development (Fig. 3).
Such damage could be trauma sustained during intru-
sion, avulsions followed by replantation and jaw
fractures.?”

Root dentine formation depends on the survival of
odontoblasts of the pulp along the root canal wall
after trauma. With the combined development of pulp
necrosis in contusion injuries of the HERS, the root is
thin, weak and susceptible to crack and fracture under
functional loading (less proprioception due to loss of
pulp), which leads to eventual loss of the tooth.*®

Disturbances to root development

The Hertwig’s epithelial root sheath is responsible for
the morphology and shape of the developing
roots.>”** Trauma sustained during intrusion and lat-
eral luxation can cause direct physical damage to
HERS. Partial damage to HERS can lead to partial
root development with a diminutive gracile root.’
Incomplete repositioning of displaced teeth leads to
damage of the HERS which has been found to be
related to root development disturbances.

Severe luxation injuries of primary teeth (such as
intrusion or avulsion) may also have an impact on the
neighbouring developing permanent tooth germs.>*°
Apical to the site of active enamel and dentine forma-
tion in the enamel-forming organ of permanent suc-
cessors is the cervical loop, which determines the
early root development. Root duplication may occur
when the cervical loop is divided. When the cervical
loop is displaced in relation to the mineralized root
portion, root dilaceration occurs.
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Bone resorption

The alveolar process is the tooth-supporting region of
the mandible or maxilla. It consists of three compo-
nents: the alveolar bone proper (bundle bone), the
cortical bone plates and the cancellous bone with
bone marrow. The bundle bone (the bone lining the
socket, lamina dura) provides attachment for the prin-
ciple fibre bundles of PDL. It has many perforations
to allow the transmission of nerves and blood vessels
of the PDL.

The alveolar process can be injured following trauma,
either indirectly in lateral luxation, intrusion and avul-
sion; or directly in alveolar and bone fractures.

Alveolar bone is highly vascular and is readily
accessible to blood-derived inflammatory cells. The
cells responsible for bone resorption are the osteo-
clasts that are derived from the mononuclear phago-
cyte progenitor cells (MP).*! They have the capacity
to digest mineralized matrices including alveolar bone
and dentine. For the resorption to occur, the alveolar
bone needs to be cleared of a surface layer of osteoid,
a non-mineralized collagen, prior to osteoclastic
attack. Osteoblasts are responsible for the removal of
non-mineralized collagen via the activity of matrix
metalloproteinase (MMP, a collagenase). This activity
may be increased by parathyroid hormone (PTH) in
regulating calcium homeostasis or inflammatory medi-
ators in inflammation.

In addition, bacterial toxins and by-products can
lead to inflammatory bone resorption independent of
osteoblasts via the differentiation of leukocytes into
osteoclasts.** It may develop as early as 2-3 weeks
after injury and is caused by infection-induced release
of osteoclast activating factors.

It has to be remembered that osteoclasts play an
important role, both in the periradicular tissue healing
events after dental trauma, as well as in the body
defence against tissue damage and infection following
trauma. Osteoclasts in hard tissue wound healing can
be considered as analogous to the macrophages in soft
tissue wound healing. Marked osteoclastic activity
may lead to bone resorption at the crestal (marginal
periodontal), as well as apical and lateral (periradicu-
lar) regions.

Crestal — marginal periodontal
The alveolar crest is the meeting place where the
outer cortical plates meet the bundle bone (the bone
lining the alveolus), usually 1.5 mm to 2.0 mm below
the level of the cemento-enamel junction of the tooth.
The crestal bone may sustain crushing injuries dur-
ing lateral and intrusive luxations. An inflammatory
response is elicited, which results in the liberation of
cytokines that activate osteoclasts to remove the dam-
aged hard bone tissue prior to healing. When trauma
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Fig. 3 Cessation of root development in a 7-year-old girl following intrusion of the maxillary right central incisor and lateral luxation of the maxillary left
central incisor two years prior to presentation. (a) and (b) Condition at the age of 7 years. Note the malposition, infection of the root canal system, lack of
root wall dentine and periapical abscess of the maxillary right central incisor. There is evidence of pulp canal calcification of the maxillary left central
incisor and this tooth has clinically normal periapical tissues. (c) and (d) Condition at the age of 12 years. Note invasion of bone into the apical root canal
space and development of internal periodontal ligament of the maxillary right central incisor. The pulp canal calcification has progressed and there is
arrested root development of the maxillary left central incisor.

causes substantial loss of the alveolar crest, it rarely
regains its original position after trauma, probably
due to replacement of the proper PDL by connective
tissue from the oral mucosa, which does not have the
same osteogenic potential.

Apical and/or lateral — periradicular

Infection of a necrotic pulp and subsequent develop-
ment of an infected root canal system is a frequent
complication after teeth sustain luxation injuries and
replantation after avulsion. Therefore, alveolar bone
resorption is a necessary step in the fight against
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invading bacteria into the sterile periradicular tissue.**

Periradicular bone resorption and the development of
a granuloma at the apical and/or lateral region form a
line of defence against the bacteria residing in the root
canal system.

External root resorption

The cementum layer covering the root dentine is essen-
tial in the root’s resistance to resorption since the most
external aspect of cementum has a layer of cemento-
blasts over a zone of unmineralized cementoid.*® This

© 2016 Australian Dental Association



unmineralized surface discourages osteoclast adhesion
and binding to the root surface and therefore root
resorption. The crushing injury of the PDL sustained
during intrusion, lateral luxation or avulsion with subse-
quent replantation causes loss of the PDL and inevitably
the associated cementoid-cementum layer along the root
surface. The exposed root dentine surface allows free
access for osteoclasts and macrophages to adhere to the
exposed mineralized dentine surface, causing root
resorption while removing the damaged PDL and
cementum on the root surface.

The cementum layer is also essential in the root’s
resistance against the penetration of bacterial toxins
in the root canal space to the PDL via the dentinal
tubules. During root formation, odontoblast differen-
tiation takes place adjacent to the basal aspect of
HERS and lays down the first dentine matrix (mantle
dentine). As a result, the innermost layer of cells in
the HERS secretes a material containing enamel
matrix protein, which combines with the mantle den-
tine forming a hypercalcified intermediate cementum
layer. It is this layer that offers an effective barrier
against the movement of bacterial toxins in the root
canal space into the surrounding periodontal tissues.

The type of root resorption is determined by the
surface area of the root damage, the content of the
adjacent root canal system (the presence or absence of
bacterial infection), and the relative proximity of the
cells to the damaged root.?**°

External surface resorption

External surface resorption represents the healing
response to a localized injury to the PDL. In minor
trauma such as concussion and subluxation,*® bleed-
ing and oedema of the PDL may lead to a localized
pressure area. The cementum closest to the damaged
PDL will be resorbed by macrophages and osteoclasts,
resulting in a saucer-shaped cavity on the root surface.
It may affect all parts of the root in luxation injuries,
or next to the fracture line at the periodontal side in
root fractures. If the underlying dentinal tubules are
not exposed and the adjacent cementoblast layer is
intact, the cementoblasts will cover the damaged root
surface and the resorptive cavity will be repaired by
new cementum and with the insertion of new Shar-
pey’s fibres.

The process of surface resorption is not progressive,
but self-limiting and repair-related. The PDL width at
the repaired sites is normal and follows the contours
of the root defects. Surface root resorption is consid-
ered to be a favourable healing outcome.

External inflammatory resorption

External inflammatory resorption is a result of a com-
bined injury to the pulp and PDL such as in lateral
luxation, intrusion and replantation after avulsion,
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and where bacteria primarily located in the root canal
space and dentinal tubules trigger osteoclastic activity
on the root surface. It can affect all parts of the root
and is more frequent and rapid in immature teeth,
probably due to the thin root dentinal walls and wide
dentinal tubules.

The process of inflammatory root resorption is
infection-related and is rapidly progressive until the
root canal is exposed. Luxation injuries involving the
PDL and associated cementum on the root surface
expose the underlying dentinal tubules. Toxins from
bacteria in the root canal can diffuse through the
exposed dentinal tubules to the damaged root surface.
This sustained inflammation in the PDL results in con-
tinuation of the osteoclastic process, leading to the
resorption of root structure along with resorption of
the lamina dura and adjacent alveolar bone.

When bacteria are eliminated from the root canal
system by endodontic treatment, the resorptive pro-
cess will be arrested. The resorptive cavity will then
be filled in with cementum or bone, depending on the
type of cells located next to the resorptive site (PDL
or bone marrow-derived tissue).

External replacement resorption
External replacement resorption represents healing
after extensive damage to the root surface involving
the innermost layer of the periodontal ligament such
as in intrusion and replantation following avulsion
(Fig. 4). In avulsion injuries, extensive damage to the
periodontal ligament on the root surface is further
complicated by the detrimental effect of extraoral
time and drying as well as insufficient storage medium
protection of the periodontal ligament and the pulp.
The large area of damaged root surface will favour
repopulation with bone producing cells, resulting in
ankylosis (i.e. loss of the PDL) with subsequent oss-
eous replacement of the root. External replacement
resorption is largely a result of damage to the PDL on
the root surface during the actual displacement injury.
The process is progressive, but the rate at which the
root is replaced by alveolar bone largely depends on
the extent of cell damage to the periodontal ligament
on the root surface and on systemic factors which
normally regulate bone remodelling in addition to the
age of the patient.”® Ankylosed roots will gradually
be resorbed and the root dentine is replaced by alveo-
lar bone through the remodelling process. Replace-
ment root resorption is usually very aggressive in
children. In adults, the tooth undergoing progressive
replacement resorption can be retained for long peri-
ods of time due to the slow remodelling rate of bone.

External invasive resorption
External invasive resorption is an insidious form of
external root resorption which may occur in teeth that
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have sustained luxation injuries where the protective
cementoid-cementum layer is damaged.** The resorption
process is often aggressively destructive and occurs as a
late complication following dental trauma (Fig. 5).
Characteristically, the cervical region of the root is
invaded by a fibrovascular tissue derived from cells in
the PDL which progressively resorbs dentine, cementum
and enamel. The dental pulp remains protected by an
intact layer of predentine until late in the process. The
adjacent marginal alveolar bone usually remains intact.
In advanced lesions, the invading fibrovascular tissue
becomes more fibro-osseous in nature with the forma-
tion of bone-like deposits within the invading tissue and
directly on the resorbed cavity surface. Finger-like exten-
sions are seen at the bottom of the resorptive cavity with
deeper connections to the PDL. Bacterial infection super-
venes into the pulp and periodontal tissue via the resorp-
tive cavity, leading to the symptoms associated with
pulpitis or periodontitis. Due to its progressive nature,
early diagnosis is highly desirable as the involved tooth
may become extensively destroyed which may preclude
any effective treatment.

Ankylosis: with or without root resorption

Ankylosis is the fusion of alveolar bone to the intact
cementum or to the previously resorbed cementum or
dentine with no intervening PDL. It is a common
complication following replantation of avulsed teeth.
It may occur with or without root resorption (Fig. 4).
It is a distinct process that differs from external
replacement resorption although many authors use
these terms interchangeably, which is incorrect.

The progression of ankylosis is related to the ini-
tial extent of damage to the PDL on the root surface
following trauma.?® Competitive healing events will
take place simultaneously next to the damaged root
surface, whereby healing from the socket wall (bone
formation) and healing from the adjacent surviving
PDL (cementum formation with insertion of Shar-
pey’s fibres). With minor to moderate injuries over a
small surface area, an initial ankylosis can later be
reversed by the adjacent undamaged PDL and
replaced with new cementum and PDL if functional
mobility is allowed (transient ankylosis). Large areas
of damage to the PDL (>4 mm?) on the root surface
due to trauma such as avulsion will elicit healing
processes by the bony fusion of the damaged root
surface and alveolar bone, resulting in ankylosis
which is unlikely to be stopped or reversed and
instead will remain permanent due to there being too
few surviving PDL cells in relation to the larger
damaged zone. When the cementum layer covering
the root dentine remains intact, the root may stay
ankylosed without replacement resorption. However,
when the cementum layer is extensively damaged
together with the PDL loss, the ankylosed root then
becomes an integral part of the alveolar bone remod-
elling system. It is gradually resorbed and replaced
by bone (replacement resorption), depending upon
the turnover rate of bone.

In growing children, the ankylosed tooth may dis-
turb the normal growth of the alveolar process, result-
ing in decreased height of the alveolar process with a
marked infraocclusion of the tooth as well as migra-
tion of the adjacent teeth (Fig. 6).

Fig. 4 Ankylosis of the mandibular left central incisor and ankylosis with progressive external replacement resorption of the mandibular left lateral incisor
of a 21-year-old female 8 years after replantation of both avulsed teeth. (a) Immediately after repositioning and stabilization. (b) One-year review. (c)
Review after 8 years.
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Fig. 5 External invasive resorption of the maxillary left central incisor of
a 56-year-old female who sustained trauma 40 years ago. Note pulp canal
calcification and tooth discolouration of the maxillary right central incisor.

Combinations of the above: simultaneously and/or
sequentially over time

The various responses of the periradicular tissues to
trauma may occur simultaneously and/or sequentially
over time, depending on the extent of tissue injuries
and subsequent wound infection. The dental pulp in a
tooth that has sustained concurrent crown fracture,
incomplete root fracture at the cervical region and lat-
eral luxation may become necrotic and subsequently
infected. External inflammatory resorption may
develop later with simultaneous apical bone resorp-
tion (Fig. 6). An avulsed tooth that has been replanted
may show some healing initially but later may
develop ankylosis and external replacement resorption
(Figs. 4 and 6). External inflammatory resorption may
occur sequentially after replacement resorption
exposes infected dentinal tubules or the dentinal
tubules leading to an infected root canal system.
Intrusion of a developing tooth may cause a contu-
sion injury to the HERS as well as to the neurovascu-
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Fig. 6 External inflammatory resorption with apical alveolar bone
resorption of the maxillary right central incisor of a 15-year-old boy 8
months after lateral luxation with a crown fracture and an incomplete

root fracture at the cervical region. The maxillary left central incisor was
avulsed and replanted plus it had a crown fracture 8 months ago; it is
now ankylosed with infraocclusion.

lar supply of the pulp at the apex, resulting in
cessation of root development and pulp canal calcifi-
cation or pulp necrosis. Subsequent bacterial invasion
of the necrotic pulp leads to an infected root canal
system and periradicular bone loss (Fig. 3).

External invasive resorption may not become clini-
cally evident until years after trauma (Fig. 5). Further-
more, intracoronal bleaching is usually carried out to
correct a discoloured anterior tooth following trauma.
Young children or adolescents often undergo
orthodontic treatment. Both bleaching and orthodon-
tic treatment alone have been found to be potential
predisposing factors for invasive resorption.** There-
fore, teeth with a history of luxation injury with
bleaching or orthodontic treatment can be more sus-
ceptible to the development of this complex type of
resorption. Clinical and radiographic examination of
traumatized susceptible teeth should be performed at
regular intervals throughout life.
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Soft tissue responses following trauma to a tooth

The oral soft tissues, including facial skin, lips, gin-
giva, marginal periodontium and oral mucosa, can be
injured either as a sole injury or concurrently with
other injuries to the teeth and alveolar bones. Due to
the limited scope of this review, the following discus-
sion will emphasize the responses of gingiva and mar-
ginal periodontium following trauma to a tooth.

The gingiva and marginal periodontium form a nat-
ural seal around the tooth, protecting the subjacent
periodontal ligament and the supporting alveolar
bone from invasion by bacteria in the oral cavity. The
marginal periodontium consists of that part of the
gingiva facing the tooth (the dentogingival junction)
and the alveolar crest where the outer cortical plate
and alveolar bone (bone lining the alveolus) meet.
The gingiva is often torn during crown-root fractures;
gingival laceration is often associated with tooth dis-
placement, such as luxations, avulsions, alveolar bone
fractures, etc. With minor displacement in gingival
laceration or with proper soft tissue wound proxima-
tion and stabilization, the integrity of the marginal
periodontium can be re-established due to its remark-
able ability for regeneration. However, with extensive
gingival laceration involving the underlying perios-
teum and alveolar bone, loss of attachment and gingi-
val recession may occur. Bacterial invasion and
subsequent inflammation is the major cause of unfa-
vourable gingival responses.

Favourable responses

Recovery and return to normal

With minor displacement due to gingival laceration,
gingival regeneration will usually occur.*> The junc-
tional epithelium has a remarkable ability to regener-
ate from the apical basal layer. Junctional epithelium
is derived from the reduced enamel epithelium of the
tooth germ. As the tooth erupts and the crown passes
through the overlying oral epithelium, the reduced
enamel epithelium fuses with the oral epithelium so
that the epithelial continuity is never lost. It is
replaced gradually by continuing cell division in the
apical basal layer. In addition, in the supra-alveolar
crestal region of the attached gingiva, the trans-septal
fibres that connect the cementum of the adjacent teeth
and the circular fibres that encircle the tooth are
responsible for rapid adaptation of the gingiva around
luxated or replanted teeth.

In erupting immature teeth, when tissue loss with gin-
gival laceration does not involve the cemento-enamel
junction, the normal appearance and gingival contour
around the tooth will be re-established with time with
further physiological eruption and gingival retraction.
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Transient marginal breakdown

In lateral luxation and intrusion injuries, the junc-
tional epithelium may be torn and the periodontal
ligament may be compressed, leading to the marginal
crestal bone of the alveolar socket becoming dam-
aged. Removal of the injured tissue and marginal alve-
olar bone by macrophages and osteoclasts takes place
prior to periodontal healing. This often results in for-
mation of granulation tissue at the gingival crevice
because of the torn junctional epithelium. A loss of
attachment becomes clinically evident together with
the resorption of the marginal crestal bone. After 6-8
weeks, re-attachment of the junctional epithelium and
re-establishment of the trans-septal and circular peri-
odontal fibres take place.””*® This phenomenon has
been termed transient marginal breakdown. Reposi-
tioning following luxation plays an important role in
the marginal bone healing. Optimal oral hygiene is
also essential for healing to occur.

Fibrous healing (scar)

When primary wound healing is compromised due to
the extent of the traumatic injuries or bacterial con-
tamination, wound dehiscence with exposure of
sequestrated bone takes place. A thin superficial layer
of the exposed bone will be lost. The osteogenic layer
of the periosteum is thus disrupted. Osteogenesis can
only take place from the periphery of the wound
where progenitor cells have not been disturbed. The
overlying gingiva will undergo secondary wound heal-
ing. This results in limited alveolar bone and gingival
repair, and fibrous tissue often forms in its place.
Because of its intraoral location, the scarring often
has minimal aesthetic consequences.

Unfavourable responses

Loss of attachment: permanent marginal breakdown

Loss of attachment and marginal alveolar bone is a fre-
quent phenomenon when multiple teeth are involved in
lateral luxations, intrusions, and alveolar and jaw frac-
tures. The loss can be very extensive and lead to tooth
loss, particularly in older patients (Fig. 7).

Several factors may be involved. Crushing of mar-
ginal alveolar bone occurs during intrusions and lat-
eral luxations; or loss of marginal alveolar bone can
occur during alveolar or jaw fractures. Loss of the
osteogenic periosteum covering the wound and disrup-
tion of the localized blood supply takes place due to
the exposure of the alveolar bone caused by extensive
gingival laceration.*® Degloving of the gingival tissue
is a severe form of gingival laceration,*” where an
impact force parallel to the front of the maxilla and
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Fig. 7 Marginal breakdown and loss of periodontal attachment associ-
ated with the maxillary left central incisor of a 46-year-old male follow-
ing lateral luxation sustained one month ago. Note the marginal
periodontal abscess with periodontal pockets of 9-10 mm on the mesial
and mesio-labial aspect. This tooth also has grade III mobility.

mandible causes displacement of the gingiva and oral
mucosa into the sulcular area. Furthermore, extensive
damage to the marginal periodontal ligament on the
cervical root surface leads to compromised bone
induction capacity and hence poor marginal bone
healing between the severely displaced teeth.’

Subsequent wound infection of the denuded alveo-
lar bone with teeth covered by plaque accumulation
due to poor oral hygiene leads to non-specific granula-
tion tissue formation and growth that hinders proper
healing of the marginal periodontium. When seques-
tration of the alveolar bone occurs during the healing
period, a permanent loss of marginal alveolar bone
and periodontal attachment in the particular region
will occur.
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The junctional epithelium of the dento-gingival
junction is influenced by inflammation. Plaque-
induced inflammation will lead to active proliferation
and migration of the junctional epithelium, resulting
in apical migration of the attachment level with the
development of a periodontal pocket. In crown-root
fractures, gingival healing is often compromised due
to the subgingival location of the fracture margin that
promotes plaque accumulation, potentially leading to
more severe gingival inflammation followed by mar-
ginal periodontal breakdown with increased pocket
depths, loss of attachment and gingival recession.

Gingival recession

Gingival recession is characterized by the displace-
ment of the free gingival margin apically from the
cemento-enamel junction, leaving part of the root sur-
face exposed. The gingival and marginal periodontium
form a natural seal around the tooth, protecting the
alveolar bone from infection. The dimension of these
soft tissues (epithelium and the underlying connective
tissue), which are attached to the tooth (cementum
and enamel) coronal to the alveolar crest, remains rel-
atively stable. Plaque-associated inflammation is con-
sidered to be the main aetiological factor for gingival
recession. An inflammatory response can lead to reces-
sion and is always associated with underlying bone
dehiscence, particularly if the gingival tissue is thin
due to a narrow keratinized gingiva.

When a tooth fracture occurs below the gingival
margin as in crown-root fractures, accumulation of
bacterial plaque at the fracture interface will cause
apical migration of the junctional epithelium, and
hence gingival recession.

Gingival lacerations are often associated with inju-
ries where teeth are displaced, such as luxations and
avulsion. When tissue loss with gingival laceration
exposes the cemento-enamel junction, unsightly gingi-
val recession may result.

Combinations of the above: simultaneously and/or
sequentially over time

Transient marginal breakdown may gradually pro-
gress to permanent marginal breakdown if bacterial
plaque is allowed to establish at the site of injury.
With time, unsightly gingival recession may occur
subsequent to the loss of attachment and loss of cre-
stal bone height.

FACTORS AFFECTING THE TISSUE RESPONSES TO
TRAUMA

Traumatic dental injuries are caused by physical
impact that generates sufficient mechanical energy to
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produce the tissue injury. In children, the main causes
of dental trauma are falls and injuries sustained dur-
ing play, often involving single tooth injuries. In ado-
lescents and adults, sports accidents, fights and motor
vehicle accidents may result in more complex trauma
involving several teeth simultaneously."*® In recent
decades, there has been a growing trend in sports-
related dental injuries as a result of the growth in
physical and fitness awareness.

Although the traumatic scenarios may be different,
the mechanical and biological factors involved in the
mechanisms of trauma determine the type and severity
of resulting injury sustained by the tissue (Table 2).
The mechanical factors characterize an impact to the
tooth and have an indirect effect on tissue responses,
whereas the biological factors have a more direct effect
on tissue responses. These factors usually work in com-
bination to influence the outcome or the type of injury
to a particular tooth and its surrounding tissues.

Mechanical factors

An object in motion has energy (energy of impact)
that depends on its mass and velocity. The direction
of the impact and physical properties of the involved
structures (the impacting objects) including shapes
and resilience determine the energy transmission at
the point of impaction, and therefore indirectly deter-
mine the extent of damage to the tooth and its sup-
porting structures. The impact can act on the teeth
directly or indirectly.

Type of impact — direct or indirect trauma

Direct trauma occurs when the tooth itself is struck
by, or against, an object. This usually implies that the
anterior region of the dentition will be involved. The
teeth and surrounding tissues can be indirectly injured
(indirect trauma) when the mandible is forcibly closed
against the maxilla after a blow to the chin or mand-
ible. Indirect trauma usually results in premolars and
molars sustaining crown or crown-root fractures, as

Table 2. Mechanical and biological factors affecting
the responses of tissues following trauma to a tooth

Mechanical factors

Biological factors

Type of impact

direct or indirect trauma
Energy of impact

includes mass and

velocity (E = mc?)
Resiliency of the

impacting object
Shape of the impacting object
Direction of the

impacting force

Degree of displacement of the
tooth (luxation)

Stage of root development

Extent of pulp involvement

Concurrent and combined
injuries to the same tooth
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well as jaw fractures in the condylar regions and sym-
physis.*” The effect of indirect trauma decreases pro-
gressively and sharply as the distance to the impact
site increases.’’!

Energy of impact — includes mass and velocity

The energy of impact depends on its mass and veloc-
ity. Increase in mass and/or velocity increases energy.
Velocity plays a greater role since energy is the result
of mass times the square of velocity (E = mc?). High
velocity impacts with low mass often lead to crown
fractures, where most of the energy of impact dissi-
pates, with little left to have any major effects on the
periradicular and surrounding soft tissues. This may
explain why crown fractures are more prevalent in
teeth with minor luxation injuries.

On the contrary, low velocity impacts with high
mass (e.g. striking the tooth against the ground) may
lead to the greatest damage to the supporting struc-
tures and minimal effect on the tooth structure. In
teeth with extrusion, avulsion, or lateral luxation, the
energy of the impact is transferred to the periradicular
and surrounding soft tissues, with less frequent occur-
rence of concurrent crown fractures. However, in
intrusion, the axial impact forces the tooth into the
alveolar bone with very little dampening effect of the
PDL, and therefore concurrent crown fractures
become a more common finding.

Resiliency of the impacting object

Hardness or softness of the impacting object also
affects the extent of injury with similar energy of
impact.*® Hitting the teeth against a resilient surface
often results in periradicular tissue injuries of several
teeth simultaneously. This is because the low velocity
and resilient surface distribute the energy among sev-
eral teeth and give the teeth time to adapt to the force
and transmit it to the supporting periradicular tissue.
When the teeth are hit by or against a hard non-
resilient surface, the impact energy will not be dis-
tributed as much and typically leads to a single-tooth
injury with few teeth being involved simultaneously.
A small, resilient object (such as an elbow during
play) contains a low mass and mostly low velocity.
This produces a small level of impact energy, which
can be distributed among several teeth, resulting in
periradicular tissue injuries and involvement of several
teeth in a similar manner as cases where the teeth
were hit against a resilient surface. In a similar way,
when the impact is further dampened by the soft tis-
sues such as lips or cheeks, the energy is absorbed and
distributed to several teeth, resulting in periradicular
injuries. The chance of tooth fracture is reduced while
the risk of luxation and alveolar bone fracture is
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increased.*” Resilience can also be provided by
mouthguards as they are essentially a resilient object
between the teeth and the impacting object.

The mechanical properties of bone in children are
different from those of adults.*” The alveolar bone
surrounding the tooth is less mineralized and is rela-
tively resilient. Impact energy of trauma, which may
be absorbed by the resilient bone and wide PDL in a
child, may lead to a root fracture in an adult. Contin-
uous deposition of dentine and cementum through life
will alter the mechanical properties of the tooth and
the PDL which becomes resistant to displacement.

Shape of the impacting object

The shape of the impacting object determines the
energy of impact at the point of contact (impaction). A
sharp object has a small contact area upon impaction
which favours clean crown fractures with a minimum
of tooth displacement as the energy is concentrated
rapidly over a limited area. A blunt object has a larger
contact area upon impaction, and the injuries tend to
be periradicular injuries such as luxations or root frac-
tures as the energy is transmitted to the apical region
of the tooth due to the increased area of resistance to
the impacting force in the crown region.

Direction of the impacting force

The direction of the impacting force on the tooth
crown determines the type of injury. Most often the
impact hits the tooth facially and perpendicularly to
the long axis of the root. A fracture always occurs at
the weakest point according to the laws of fracture
mechanisms. The cleavage lines are determined by the
orientation of the enamel prisms and dentinal tubules.
The enamel is weakest parallel to the enamel rods and
the dentine is weakest perpendicular to the dentinal
tubules.’> The root surface is forced against bone
marginally and apically, creating high compressive
forces in opposite directions. Shearing strains develop
between the marginal and apical zones, and the root
will fracture along the plane joining the two compres-
sion areas. When the tooth is firmly anchored in alve-
olar bone, tensile strain will develop at the area where
the tooth emerges from the alveolar bone, resulting in
a horizontal fracture. Any pre-existing defects in the
enamel and dentine, such as caries, infractions, cracks,
non-carious cervical lesions and restorations, also alter
the mechanical behaviour.*?

The direction of the impacting force will also deter-
mine the type of luxation injury that may occur. Most
forces come from the facial or labial direction and
therefore concussion, subluxation and lateral luxation
are the most common injuries to the periodontal tis-
sues. Intrusion requires a force parallel to the long
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axis of the tooth from the incisal direction whilst
extrusion and avulsion require forces from the apical
direction, which are rare.

Biological factors

Biological factors have a direct influence on the abil-
ity of the tissue to recover following trauma. The
strongest healing predictor appears to be the degree
of displacement of the tooth in the alveolar socket,
reflecting the disturbance of the neurovascular supply
to the pulp and periradicular tissues, followed by the
stage of root development reflecting the pulp’s poten-
tial for repair. The extent of pulp involvement follow-
ing trauma and whether there has been more than
one injury at the same time are of prognostic signifi-
cance in determining the type of tissue healing
response.

Degree of displacement of the tooth (luxation)

The degree of displacement of the tooth in the alveolar
socket is a major factor affecting both the pulp and the
periodontal tissue healing as it affects the pulp’s neu-
rovascular supply, as well as the protective layer of
cementum with its PDL. The degree of displacement
(luxation) reflects the severity of trauma sustained by
the tooth. Teeth with no or little displacement have a
far better prognosis as there is no or little damage to
the neurovascular bundle, as well as to the cementum
and the PDL. Hence, concussion and subluxation inju-
ries have the most favourable prognosis, followed by
extrusion, lateral luxation, intrusion and avulsion,
where major damage to the pulp neurovasculature and
cementum/PDL takes place in the latter two injuries.
Prompt and optimal repositioning allows approxi-
mation of wound surfaces and leads to a more rapid
and predictable pulp revascularization. In addition,
occlusal interferences can be avoided and psychologi-
cal aesthetic consequences can be addressed. Incom-
plete repositioning leads to a slight delay in wound
healing (approximately 2 weeks). However, the out-
come of PDL healing is the same. Further trauma to
the cervical cementum and periodontal ligament
should be minimized in order to enhance marginal
bone healing during repositioning after luxation inju-
ries. Damage to the cervical cementum and periodon-
tal ligament is thought to predispose the tooth to
external invasive resorption in later years. In imma-
ture teeth, repositioning helps with the survival of the
HERS and thereby allows continued root growth.
With root fractures, optimal repositioning appears to
favour inter-fragment healing with hard tissue in the
form of dentine and cementum, and lessens the chance
of pulp necrosis. In displaced teeth, delayed reposi-
tioning increases the risk of damage to the marginal
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alveolar bone and supporting gingival tissue, resulting
in marginal periodontal breakdown.

Stage of root development

The stage of root development is the most significant
prognostic factor in determining pulp healing.”’ In
teeth with a constricted apical foramen (i.e. complete
root formation), the neurovascular supply is at a higher
risk of disruption (by separation or crushing) with lux-
ation injuries than are immature teeth with patent root
apices. The stage of root development is considered to
be an expression of the ability of severed apical micro-
vessels and nerve fibres to grow into the pulp canal
space. The larger the diameter of the apical foramen,
the higher the probability of pulp revascularization;
ergo, the effect of the stage of root development
focuses primarily on the diameter of the apical foramen
at the time of injury, whereas the distance from the api-
cal foramen to the pulp horn is not as prognostic.

Healing of an ischaemic pulp depends upon the out-
come of the competition between the ingrowth of the
pulp neurovasculature (revascularization) and bacte-
rial invasion into the non-revascularizing portion of
the pulp.'® In teeth with complete root formation, the
competition favours bacterial invasion, and therefore
precludes pulp revascularization and results in pulp
necrosis. When the root is not fully developed, pulp
revascularization is more likely to occur and root
development can proceed. This will improve the long-
term prognosis of the tooth, since dentine is produced
by the pulp and hence a ‘stronger’ tooth results with
thicker root dentine walls that are less likely to frac-
ture, particularly if traumatized again.

The patency of the apical foramen needs to be con-
sidered in three dimensions. A constricted view of the
apical foramen mesiodistally (which is the conven-
tional radiographic view) does not necessarily reflect a
patent apical foramen in the buccolingual dimension.
During the early stages of root development, the
width of the primary apical foramen is relatively con-
stant until final root length has been achieved and the
apical constriction starts to form. Therefore, the
chance of revascularization through the primary api-
cal foramen should theoretically be the same in the
early stages of immature developing teeth.” An incom-
pletely developed tooth should be managed with the
aim of preserving the pulp.

Marginal bone loss is also significantly influenced by
the stage of root development. In teeth with immature
root development, marginal bone loss and repair-
related replacement root resorption occur significantly
less frequently than teeth with complete root develop-
ment.*® The alveolar bone surrounding the immature
teeth is less mineralized and hence more resilient which
has a shock-absorbing effect to the traumatic impact.
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Extent of pulp involvement

The extent of pulp involvement is not the same in all
traumatic injuries and is determined by the type of
injury. When considering pulp involvement, two
aspects need to be considered, namely the neurovascu-
lar supply and size and duration of pulp exposure to
the oral environment.

Pulp neurovascular supply

The entire length of the pulp is involved in luxation
injuries, whereas only a part of the pulp coronal to
the fracture line is involved in crown, crown-root and
root fractures.

The risk of pulp necrosis increases with the extent
of luxation injury (i.e. concussion, subluxation, extru-
sion, lateral luxation, and intrusion — as listed in the
order of the least to the greatest risk).

Compromise of the neurovascular supply can lead
to altered tissue healing and function, such as PCC,
root fracture healing with connective tissue and inter-
nal inflammatory root resorption. Loss of the neu-
rovascular supply allows ingress of bacteria and pulp
death, such as pulp necrosis and non-healing of root
fractures (granulation tissue formation).'®

Pulp exposure — size and duration

The extent of pulp exposure to the oral environment
is a factor but not to the extent that many clinicians
believe. Young pulps can survive even with large trau-
matic exposure and for long periods of exposure time,
as long as no concurrent luxation injury has
occurred.>® In teeth with intact pulp neurovascular
supply, the dentine-pulp complex provides consider-
able resistance to bacterial invasion.

Concurrent and combined injuries to the same tooth

Concurrent injuries to the same tooth imply that
more tissues are involved than if there is only one
type of injury. It is relatively frequent to have concur-
rent injuries to a tooth.’*> Crown fractures can
occur concurrently with subluxations, lateral luxa-
tions, extrusions, intrusions and avulsions. The con-
current injuries have a synergetic effect on the tissues
involved, and the tissue responses may become more
complicated as more cellular mechanisms will be
involved than if there is only one injury type of an
isolated occurrence. This concurrent periradicular
injury is of prognostic importance. It has a signifi-
cantly greater deleterious effect on pulp survival after
injury than does pulp exposure alone. Concomitant
gingival laceration also has an aggravating effect on
pulp healing outcome.?*>*°
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A crown fracture opens up a pathway for bacterial
penetration into the dental pulp. When the pulp blood
supply is intact, bacterial penetration is deterred by
an outward flow of dentinal fluid within the tubules
due to a positive pulp tissue interstitial pressure. In
contrast, when the pulp blood supply is compromised
by a concurrent luxation injury, at the critical time of
the wound healing process, bacterial penetration
becomes more rapid where the impeding outward
dentinal fluid flow is minimal or absent. As bacteria
gain entrance to the pulp, the absent or diminished
blood supply will allow the bacteria to colonize
unhindered. The bacterial invasion triggers pulp
inflammation by forming non-tissue specific granula-
tion tissues at the expense of the proliferation and
migration of tissue specific cells. Therefore, the risk of
pulp necrosis and infection of the root canal system is
increased substantially.?® In immature teeth that are
intruded, a concurrent crown fracture ensures the
development of pulp necrosis.

Furthermore, combined injuries from repeated epi-
sodes of trauma render the pulp less likely to have
optimal healing subsequently. Previous traumatic
stress also significantly reduces the tooth’s resistance
to fracture.’® There is an eightfold increase in the risk
of new trauma if a trauma episode occurs at an early
age (at 9 years).! The risk of repeated trauma also
increases in susceptible individuals with malocclusion
of increased incisal overjet, protrusion of upper inci-
sors or insufficient lip closure.

CONCLUSIONS

The dental pulp, periradicular and oral soft tissues are
unique in comparison to most other tissues in the body
in their marked capacity for regeneration and repair.
Being an acute injury, dental trauma can be considered
eo ipso a dental disorder with little or no infection,
which is in contrast to dental caries and periodontal
diseases. The teeth at the time of trauma are often
sound and thus the pulps and the surrounding tissues
are clinically healthy. Furthermore, most dental trauma
primarily involves children and adolescents who are
still undergoing growth and development. Therefore,
the body’s healing ability is expected to be high.
Despite the complexity, intricacy and confusion
involved in many different potential responses of the
pulp, periradicular and soft tissues following multitudes
of different types of dental trauma to a tooth, the
underlying biological principles of tissue responses
remain the same in relation to wound healing in gen-
eral. These unique features of dental trauma highlight
the importance of proper, conservative and biologically
tolerable management strategy in order to minimize the
long-term consequences of trauma and maximize the
likelihood of long-term retention of the involved teeth.

© 2016 Australian Dental Association

Tissue responses to dental trauma

DISCLOSURE

The authors have no conflicts of interest to declare.

REFERENCES

1. Glendor U, Marcenes W, Andreasen JO. Classification, Epi-
demiology and Etiology. In: Andreasen JO, Andreasen FM,
Andersson L, eds. Textbook and Color Atlas of Traumatic Inju-
ries to the Teeth. 4th edn. Copenhagen: Blackwell Publishing
Ltd, 2007:217-254.

2. Andreasen JO, Lovschall H. Response of oral tissues to trauma.
In: Andreasen JO, Andreasen FM, Andersson L, eds. Textbook
and Color Atlas of Traumatic Injuries to the Teeth. 4th edn.
Copenhagen: Blackwell Publishing Ltd, 2007:62-96.

3. Wennberg A, Mjor IA, Heide S. Rate of formation of regular
and irregular secondary dentine in monkey teeth. Oral Surg
Oral Med Oral Pathol 1982;54:232-237.

4. Smith AJ, Lesot H. Induction and regulation of crown dentino-
genesis: embryonic events as a template for dental tissue repair?
Crit Rev Oral Biol Med 2001;12:425-437.

5. Heide S, Mjor IA. Pulp reactions to experimental exposures in
young permanent monkey teeth. Int Endod J 1983;16:11-19.

6. Ferracane JL, Cooper PR, Smith AJ. Can interaction of materi-
als with the dentin-pulp complex contribute to dentin regenera-
tion? Odontol 2010;98:2-14.

7. Andreasen FM, Andreasen JO. Resorption and mineralization
processes following root fracture of permanent incisors. Endod
Dent Traumatol 1988;4:202-214.

8. Heithersay GS, Kahler B. Healing responses following trans-
verse root fracture: a historical review and case reports showing
healing with (a) calcified tissue and (b) dense fibrous connective
tissue. Dent Traumatol 2013;29:253-265.

9. Skoglund A, Tronstad L, Wallenius K. A microangiographic study
of vascular changes in replanted and auto transplanted teeth of
young dogs. Oral Surg Oral Med Oral Pathol 1978;45:17-28.

10. Lundberg M, Cvek M. A light microscopy study of pulps from
traumatized permanent incisors with reduced pulp lumen. Acta
Odontol Scand 1980;38:89-94.

11. Lee R, Barrett EJ, Kenny DJ. Clinical outcomes for permanent
incisor luxations in a pediatric population. II. Extrusions. Dent
Traumatol 2003;19:274-279.

12. Andreasen FM, Yu Z, Thomsen BL, Andersen PK. Occurrence
of pulp canal obliteration after luxation injuries in the perma-
nent dentition. Endod Dent Traumatol 1987;3:103-115.

13. Andreasen FM. Pulpal healing after luxation injuries and root
fracture in the permanent dentition. Endod Dent Traumatol
1989;5:111-131.

14. Haug SR, Heyeraas KJ. Modulation of dental inflammation by
the sympathetic nervous system. ] Dent Res 2006;85:488-495.

15. Skoglund A, Tronstad L. Pulpal changes in replanted and auto-
transplanted immature teeth of dogs. J Endod 1981;7:309-316.

16. Andreasen FM, Kahler B. Pulpal response after acute dental
injury in the permanent dentition: clinical implications-a
review. ] Endod 2015;41:299-308.

17. Jacobsen EB, Heyeraas KJ. Effect of capsaicin treatment or infe-
rior alveolar nerve resection on dentine formation and calcitonin
gene-related peptide- and substance P-immunoreactive nerve
fibres in rat molar pulp. Arch Oral Biol 1996;41:1121-1131.

18. Gottrup F, Storgard Jensen S, Andreasen JO. Wound healing sub-
sequent to injury. In: Andreasen JO, Andreasen FM, Andersson L,

eds. Textbook and Color Atlas of Traumatic Injuries to the Teeth.
4th edn. Copenhagen: Blackwell Publishing Ltd, 2007:1-61.

19. Abbott PV, Yu C. A clinical classification of the status of the
pulp and the root canal system. Aust Dent J 2007;52(1 Suppl):
S17-31.

57



CY Yu and PV Abbott

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

58

Jansson L, Ehnevid H, Lindskog S, Blomlof L. Development of
periapical lesions. Swed Dent J 1993;17:85-93.

Patel S, Ricucci D, Durak C, Tay F. Internal root resorption: a
review. ] Endod 2010;36:1107-1121.

Trope M. Root resorption due to dental trauma. Endod Topics
2002;1:79-100.

Robertson A. Pulp survival and hard tissue formation subse-
quent to dental trauma. A clinical and histological study of
uncomplicated crown fractures and luxation injuries. Swed
Dent ] 1997;125:1-65.

Andreasen JO. Pulp and periodontal tissue repair — regeneration
or tissue metaplasia after dental trauma. A review. Dent Trau-
matol 2012;28:19-24.

Lindskog S, Lengheden A, Blomlof L. Successive removal of
periodontal tissues. Marginal healing without plaque control.
J Clin Periodontol 1993;20:14-19.

Andreasen JO. Relationship between cell damage in the peri-
odontal ligament after replantation and subsequent develop-
ment of root resorption. A time-related study in monkeys. Acta
Odontol Scand 1981;39:15-25.

Andreasen JO, Kristerson L. The effect of limited drying or
removal of the periodontal ligament. Periodontal healing after
replantation of mature permanent incisors in monkeys. Acta
Odontol Scand 1981;39:1-13.

Blomlof L, Lindskog S. Quality of periodontal healing. II:
Dynamics of reparative cementum formation. Swed Dent ]
1994;18:131-138.

Andreasen JO, Bakland LK, Andreasen FM. Traumatic intru-
sion of permanent teeth. Part 2. A clinical study of the effect of
preinjury and injury factors, such as sex, age, stage of root
development, tooth location, and extent of injury including
number of intruded teeth on 140 intruded permanent teeth.
Dent Traumatol 2006;22:90-98.

Andreasen JO, Bakland LK, Andreasen FM. Traumatic intru-
sion of permanent teeth. Part 3. A clinical study of the effect of
treatment variables such as treatment delay, method of reposi-
tioning, type of splint, length of splinting and antibiotics on
140 teeth. Dent Traumatol 2006;22:99-111.

Nair PNR. On the causes of persistent apical periodontitis: a
review. Int Endod J 2005;39:249-281.

Hammarstrom L, Lindskog S. General morphological aspects of
resorption of teeth and alveolar bone. Int Endod J 1985;18:93—
108.

Zachrisson BU, Jacobsen I. Long-term prognosis of 66 perma-
nent anteior teeth with root fracture. Scand ] Dent Res
1975;83:345-354.

Andreasen FM. Transient root resorption after dental trauma:
the clinician’s dilemma. J Esthet Rest Dent 2003;15:80-92.

Ten Nanci A. Cate’s Oral Histology: Development, Structure
and Function. 8th edn. St Louis: Elsevier, 2013.

Andreasen JO, Vinding TR, Christensen SSA. Predictors for
healing complications in the permanent dentition after dental
trauma. Endod Topics 2006;14:20-27.

Andreasen JO, Kristerson L, Andreasen FM. Damage of the
Hertwig’s epithelial root sheath: effect upon root growth after
auto transplantation of teeth in monkeys. Endod Dent Trauma-
tol 1988;4:145-151.

Cvek M. Prognosis of luxated non-vital maxillary incisors
treated with calcium hydroxide and filled with gutta-percha: a
retrospective study. Endod Dent Traumatol 1992;8:45-55.

Kristerson L, Andreasen JO. Autotransplantation and replanta-
tion of tooth germs in monkeys. Effect of damage to the dental
follicle and position of transplant in the alveolus. Int J Oral
Surg 1984;13:324-333.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Zilberman Y, Fuks A, Bassat YB, Brin I, Lustmann J. Effect of
trauma to primary incisors on root development of their perma-
nent successors. Pediatr Dent 1986;8:289-293.

Quinn JMW, Sabokbar A, Athanasou NA. Cells of the
mononuclear phagocyte series differentiate into osteoclastic
lacuna bone resorbing cells. ] Pathol 1996;179:106-111.

Jiang Y, Mehta CK, Hsu TY, Alsulaimani FF. Bacteria induce
osteoclastogenesis via an osteoblast-independent pathway.
Infect Immun 2002;70:3143-3148.

Andreasen FM, Pedersen BV. Prognosis of luxated permanent
teeth — the development of pulp necrosis. Endod Dent Trauma-
tol 1985;1:207-220.

Heithersay GS. Invasive cervical resorption following trauma.
Aust Endod J 1999;25:79-85.

Nasjleti CE, Caffesse RG, Castelli WA, Hoke JA. Healing after
tooth reimplantation in monkeys. A radioautographic study.
Oral Surg Oral Med Oral Pathol 1975;39:361-375.

Hermann NV, Lauridsen E, Ahrensburg SS, Gerds TA, Andrea-
sen JO. Periodontal healing complications following extrusive
and lateral luxation in the permanent dentition: a longitudinal
cohort study. Dent Traumatol 2012;28:394-402.

Shockledge RR, Mackie IC. Oral soft tissue trauma: gingival
degloving. Endod Dent Traumatol 1996;11:109-111.

Oikarinen K. Pathogenesis and mechanism of traumatic injuries
to teeth. Endod Dent Traumatol 1987;3:220-223.

Andreasen JO. Etiology and pathogenesis of traumatic dental
injuries. A clinical study of 1298 cases. Scand J Dent Res
1970;78:329-342.

Ren C, Liu R, Tian L, Chen P, Zhou S. An ultrastructural study
on indirect trauma of dental pulp caused by maxillofacial
impact inury in dogs. Turk J Trauma Emerg Surg 2006;12:
9-16.

Ren C, Liu R, Tian L, Chen P, Zhou S. An ultrastructural study
on indirect injury of dental pulp caused by high-speed missile
projectile to mandible in dogs. Dent Traumatol 2008;24:633—
639.

Carvalho RM, Fernandes CAOQ, Villanueva R, Wang L,
Pashley DH. Tensile strength of human dentine as a func-
tion of tubule orientation and density. J Adhes Dent
2001;3:309-314.

Schatz D, Alfter G, Goz G. Fracture resistance of human inci-
sors and premolars: morphological and patho-anatomical fac-
tors. Dent Traumatol 2001;17:167-173.

Robertson A, Andreasen FM, Andreasen JO, Norén JG. Long-
term prognosis of crown-fractured permanent incisors. The
effect of stage of root development and associated luxation
injury. Int J Paed Dent 2000;10:191-199.

Lauridsen E, Hermann NV, Gerds TA, Kreiborg S, Andreasen
JO. Pattern of traumatic dental injuries in the permanent denti-
tion among children, adolescents, and adults. Dent Traumatol
2012;28:358-363.

Address for correspondence:

Associate Professor Christine Y Yu

School of Dentistry

Oral Health Centre of Western Australia
The University of Western Australia (M512)
35 Stirling Highway

Crawley WA 6009

Australia

Email: christine.yu@uwa.edu.au

© 2016 Australian Dental Association



