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Preface
The ultimate goals of endodontic therapy are to 
prevent and treat apical periodontitis, which is one 
of the most common inflammatory diseases that 
affect humans and is caused by microbial infection 
of the root canal system. This book provides effective 
treatment options for achieving both goals. The first 
section of the book details the microbiologic and 
pathophysiologic aspects of apical periodontitis. The 
second section focuses on the principles and practice 
of predictable endodontic treatment and prevention 

of apical periodontitis. In this way, a thorough under-
standing of disease etiology, pathogenesis, and 
host-pathogen interaction issues sets the ground-
work for effective endodontic treatment. By integrat-
ing current scientific knowledge with established 
endodontic techniques, this book is intended to 
narrow the gap between research and clinical prac-
tice and offers an essential, well-informed text for 
students, clinicians, and researchers alike.
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Foreword
Endodontology as a clinical and scientific discipline 
has expanded and evolved tremendously alongside 
medical advances generally over the past decades. 
Improved insight has led to changing paradigms in 
endodontic research and new methods in clinical 
practice. This momentum of progress is dependent 
on the collective efforts of the scientific and clinical 
community, but it most of all requires talented and 
productive individuals, people who challenge con-
ventional concepts and provide new wisdom through 
high-quality research. The editors and authors of this 
book are among these pioneers. 

One particular line of development in the field 
can be followed through the terminology used to 
characterize disease and treatment. The old phrase 
“the art of endodontics” rightly focuses on the tech-
nical finesse necessary for the provision of optimal 
treatment, and “Endodontics” is mainly associated 
with the technical treatment procedures. Gradually, 
a more scientific and comprehensive view has 
prevailed, with the emphasis on basic science as well 
as on technical treatment, with “Endodontology” as 
the overarching name, reflected in many modern 
textbook titles. From there, prevention and treat-
ment of the two by far most prevalent disease enti-
ties, pulpitis and apical periodontitis, took center 
stage. 

Whereas the microbial etiology of these diseases 
became clear already in the 1960s and 1970s, the 
clinical impact of this knowledge still needs to be 
clarified, upheld, and transmitted to practitioners. 
The initial disease manifestations as such are not a 
problem but are rather expressions of protective 
mechanisms by the host. The key is the microbial, 
largely bacterial, infections of the dental tissues, 
which have the potential to cause severe illness. 
Therefore, “Treatment of Endodontic Infections” is 

both an expression of the current conceptual frame-
work for practice and research and, at the same 
time, a highly appropriate textbook title. The current 
volume integrates the cascade of disease develop-
ment by microbial invasion into tooth substance and 
the clinical treatment possibilities for the different 
stages.

As a growing discipline, it follows that Endodon-
tology acquires a rapidly expanding volume of litera-
ture of research data and clinical methods. Only 
active scientists can keep abreast of the literature in 
the field. José F. Siqueira Jr and Isabela N. Rôças have 
been at the forefront of the research that has led us 
to the most detailed insights into the etiology and 
pathogenesis of pulpal and apical disease for more 
than two decades. They are therefore ideally suited 
to provide, in a textbook, an introduction to the 
essentials of the pulpal and periapical infections that 
constitute the vast majority of clinical endodontic 
cases, and between them, they are responsible for 
the majority of the book’s chapters. This secures a 
unified approach to the subthemes in the book, and 
with the support of a select few preeminent re-
searchers and clinicians, they give us a complete and 
up-to-date status on what is indisputably the center 
and bulk of Endodontology today. 

The first edition established this book as an excel-
lent source of information for students of dentistry 
and endodontics. This revised and upgraded version, 
with significant added quality by contributing 
authors, is a most welcome contribution to the 
discipline that deserves a wide readership.

Dag Ørstavik
Professor emeritus
Faculty of Dentistry
University of Oslo
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Introduction to Section 1
Apical periodontitis is essentially an inflammatory 
disease of microbial origin caused primarily by infec-
tion of the root canal system (Fig S1-1).14 Although 
chemical and physical factors can induce periradicu-
lar inflammation, a large body of scientific evidence 
indicates that infection is essential to the progres-
sion and perpetuation of the different forms of api-
cal periodontitis.1,4,7,21 Endodontic infection only de-
velops in root canals devoid of host defenses, either 
as a consequence of pulp necrosis (as a sequel to 
caries, trauma, periodontal disease, or iatrogenic 
operative procedures) or pulp removal for previous 
treatment. 

Although fungi, archaea, and viruses have been 
found in endodontic microbiology studies,11,17,20,23 
bacteria are the primary microorganisms implicated 
in the pathogenesis of apical periodontitis. More 
than 450 bacterial species and phylotypes belonging 
to 100 genera and 9 phyla have been detected in 
the  different types of endodontic infections.18 
High-throughput sequencing technology has re-
vealed that these numbers can be even high-
er.3,5,12,13,15,16,22,24 Therefore, apical periodontitis is re-
garded as a disease of bacterial infection. 

In the advanced stages of the endodontic infec-
tious process, bacteria are observed primarily orga-
nized in biofilm structures.10 A strong association of 
bacterial biofilms located in the apical portion of the 
root canal system as well as both primary and post-
treatment apical periodontitis have been demon-
strated. Consequently, apical periodontitis has been 
included in the group of biofilm-induced oral 
diseases.10

Bacteria colonizing the root canal system gain ac-
cess to the periradicular tissues via apical and lateral 
foramina as well as via iatrogenic root perforations. 
As a consequence of the encounter between bac-
teria and host defenses, inflammatory and immuno-
logic reactions take place in the periradicular tissues 
(Fig S1-2). Although protective, these defense mech-
anisms can also be destructive and induce the devel-
opment of apical periodontitis. Depending on sever-

al bacterial and host-related factors, endodontic 
infections can lead to acute or chronic forms of api-
cal periodontitis. As histopathologic conditions do 
not always correlate with clinical symptoms, apical 

Fig S1-1 (a) Apical periodontitis is an inflammatory dis-
ease primarily caused by bacteria infecting the root canal 
system. (b) Note the border line between infection and 
defense near the apical foramen (courtesy Domenico 
Ricucci).

a

b
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periodontitis may be clinically symptomatic or 
asymp tomatic. Once established, the disease pro-
cess alters the environment and infl uences aspects 
of bacterial ecology, including selection of the domi-
nant species. Although bacterial infection is the cause 
of apical periodontitis, the progression and severity 
of the disease and its response to treatment can be 
infl uenced by host-related disease modifi ers that 
 interfere with host resistance to infection (see 
Fig S1-2).2,6,8,9,19

Apical periodontitis alone seldom poses a medical 
problem of signifi cant magnitude, particularly if 
asym ptomatic (or chronic). However, there is mount-
ing evidence that it may contribute to the total oral 
infectious burden and thus infl uence systemic health. 
Even if asymptomatic, the apical periodontitis lesion 
may increase in size and directly aff ect nearby ana-
tomical structures such as the maxillary sinus and 

the mandibular canal, causing sinusitis and pares-
thesia, respectively. In turn, the acute apical abscess, 
which represents the most severe form of symptom-
atic apical periodontitis, can spread from the original 
site of infection and cause serious complications at 
relatively distant body sites.

The ultimate goal of endodontic treatment is ei-
ther to prevent the development of apical periodon-
titis or to create adequate conditions for periradicu-
lar tissue healing. As apical periodontitis is an 
infectious disease, the rationale for endodontic 
treatment is to eradicate the infection and/or to pre-
vent microorganisms from infecting or reinfecting 
the root canal or the periradicular tissues. A thor-
ough understanding of disease etiology and patho-
genesis is cardinal to any healthcare profession and 
provides the framework for eff ective treatment. Con-
sequently, a thorough understanding of the micro-

Fig S1-2 Bacteria infecting the root canal system evoke infl ammatory and immunologic responses at the periradicular 
tissue level. These responses can be protective or destructive. Apical periodontitis develops as a result of connective tis-
sue and bone destruction. Environmental changes induced by the pathologic condition may infl uence the composition 
and virulence of the intraradicular bacterial community, starting a vicious cycle. The host response to bacterial infection 
may be modifi ed by genetic or acquired conditions. These factors may infl uence the progression and severity of the 
disease as well as its response to treatment.

BacteriaBacteriaBacteria

Infl ammatory & Infl ammatory & Infl ammatory & 
immunologic immunologic immunologic 

responseresponseresponse

Connective Connective Connective 
tissue and/or tissue and/or tissue and/or 

bone destructionbone destructionbone destruction

Environmental 
changes

Antibodies 
Complement 
Phagocytes

Structural components
Products

Prostaglandins
RANKL

Cytokines
MMPs

Disease modifi ersDisease modifi ersDisease modifi ers
Genetic factorsGenetic factorsGenetic factors

Systemic conditionsSystemic conditionsSystemic conditions
SmokingSmokingSmoking

Virus infectionVirus infectionVirus infection

Clinical signs & Clinical signs & Clinical signs & 
symptoms of symptoms of symptoms of 

diseasediseasedisease
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biologic aspects of apical periodontitis is essential for 
high-quality endodontic practice based on a solid sci-
entific foundation. The first section of this book deals 
with microbiologic and pathophysiologic aspects of 

apical periodontitis, while the second section de-
scribes the best evidence for predictable treatment 
and prevention of the disease.
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Apical periodontitis:  
an infectious disease 
The occurrence of bacteria in a necrotic root canal 
was first observed in the 17th century by Dutch ama-
teur microscope builder Antonie van Leeuwenhoek 
(1632–1723), who reported that the root canals of a 
decayed tooth “were stuffed with a soft matter” that 
seemed to him to be alive.7 He called these orga
nisms “animalcules.” However, the role played by 
bacteria in disease causation was unsuspected at 
that time, and it took almost 200 years for this to be 
established, especially based on the efforts of Robert 
Koch in Germany, and Louis Pasteur in France. 

Indeed, a cause-and-effect relationship between 
bacteria and apical periodontitis was first suggested 
in 1894 by Willoughby Dayton Miller, an American 
dentist working at Koch’s laboratory in Berlin, Ger-
many.20 By bacterioscopic examination of root canal 
samples, Miller identified the basic bacterial mor-
photypes (cocci, bacilli, and spirilla or spirochetes) 
(Fig 1-1) and reported differences in the composition 
of the endodontic microbiota in the coronal, middle, 
and apical parts of the root canal. Spirochetes ob-
served in high frequencies in apical abscesses were 
suspected to play an etiologic role in this disease. 
Most of the bacteria that Miller saw under the light 
microscope could not be cultivated using the techno-
logy available at that time. They were presumably 
anaerobic bacteria, which were only successfully cul-
tivated about 50 to 100 years later with the advent of 
anaerobic culture techniques. Incidentally, a large 
number of bacterial species living in diverse environ-
ments, including the root canal, remain to be culti-
vated today.2,31 Based on his findings, Miller hypoth-
esized that bacteria could be the cause of apical 
periodontitis.

Approximately 70 years after this classic study, 
Miller’s assumptions were definitively confirmed in 
1965 in an elegant study by Kakehashi et al,12 who 
investigated the response of the dental pulps of con-
ventional and germ-free rats to exposure to the oral 
cavity. Histologically, they determined that pulp ne-
crosis and apical periodontitis lesions developed in 

all conventional rats, whereas the pulps of germ-free 
rats not only remained vital but also repaired them-
selves by hard tissue formation. In the absence of 
bacteria, dentin-like tissue sealed the exposure area 
and re-isolated the vital pulps from the oral cavity.

The essential role of bacteria in the etiology of 
apical periodontitis was further confirmed in anoth-
er classic study by Sundqvist (1976),43 who applied 
anaerobic culturing techniques to evaluate bacteria 
occurring in the root canals of teeth whose pulps 
had become necrotic after trauma. The fact that the 
bacteria were present only in the root canals of teeth 
exhibiting radiographic evidence of apical periodon-
titis confirmed the infectious etiology of this disease. 
Anaerobic bacteria accounted for more than 90% of 
the isolated strains. Sundqvist’s study also demon-
strated that the necrotic pulp tissue and stagnant tis-
sue fluid in the root canal could not induce and per-

Fig 1-1 Miller’s classic study on endodontic infection. 
Drawings from his study showing different bacterial forms 
in a root canal sample observed by microscopy.
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petuate apical periodontitis lesions in the absence of 
infection.

In 1981, Möller et al21 provided further strong evi
dence for the microbial causation of apical periodon-
titis. Their study in monkeys demonstrated that api-
cal periodontitis lesions developed only in teeth that 
had devitalized and infected pulps, whereas teeth 
with devitalized but noninfected pulps showed no 
significant pathologic changes in the periradicular 
tissues. In addition to corroborating the importance 
of microorganisms for the development of apical 
periodontitis, this study also confirmed that the ne-
crotic pulp tissue per se is not able to induce and 
maintain apical periodontitis lesions.

It has been a long-held desire of endodontic mi-
crobiology researchers to find a species or a group of 
species that is the major causative agent of apical 
periodontitis. However, as information brought about 
by culturing and molecular identification methods as 
well as morphologic studies has accumulated, evi-
dence has mounted that apical periodontitis is pri-
marily caused by root canal bacterial infections, 
mostly organized in mixed bacterial communities ad-
hered to the root canal walls. This prompted Siqueira 
and Rôças to apply the community-as-pathogen con-
cept to the etiology of apical periodontitis.40 Based on 
this concept, the disease outcome is related to the 

collective pathogenicity of the intracanal bacterial 
communities, which depends on the composition, 
abundance, and interactions between the species 
that form the community.

Morphologic studies of the patterns of microbial 
colonization of root canals had reported bacterial 
condensations or agglomerations that are nowadays 
recognized as biofilm-like structures.22,36,41 However, 
the study by Ricucci and Siqueira34 was the first to 
look for the prevalence of intraradicular and extra
radicular biofilms, and tried to establish their associ-
ation with primary and posttreatment apical peri-
odontitis. Bacterial infection occurred in all teeth 
with apical periodontitis, confirming the disease’s in-
fectious etiology. Bacteria were organized in biofilms 
in the apical segment of untreated and treated teeth 
in a high prevalence (Fig 1-2). This study used criteria 
previously published in the literature to include 
apical periodontitis in the list of biofilm-induced 
diseases.

Routes of endodontic infection

Under normal conditions, the pulpodentin complex 
is sterile and isolated from the oral microbiota by 
overlying enamel and cementum. The sterility of the 

Fig 1-2 (a) Intraradicular bacterial biofilm attached to the root canal walls. This is the main form in which bacteria are 
found colonizing the root canal. Higher magnifications are seen in (b) and (c) (courtesy Domenico Ricucci).

a b c
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healthy pulp tissue was questioned by a molecular 
study that reported the detection of bacterial DNA in 
samples from pristine healthy teeth.46 However, the 
negative controls used in that study were inade-
quate, and the detected bacterial DNA was very likely 
to be contaminants from the analytical reagents. Mo-
lecular methods are very effective in detecting and 
identifying bacteria, but when the sample has few or 
no DNA, some artifacts are generated such as ampli-
fication of contaminant DNA, which may occur in re-
agents used in DNA extraction, PCR, and sequencing 
library preparation.37 This statement is reinforced by 
the fact that the most frequent and abundant taxa 
found in the healthy pulp samples were nonoral bac-
teria,46 including representatives of the genera 

Ralstonia, Burkholderia, Staphylococcus, Micrococcus, 
and Acinetobacter, which are, not surprisingly, the 
main contaminants present in water and reagents 
used for molecular methods.4,14,15,37,44 Therefore, 
there is so far no evidence to contradict the long-
held concept that the healthy pulp tissue is sterile.

In the event that the integrity of the natural layers 
that isolate the pulp from the oral cavity has been 
breached (e.g. as a result of caries, trauma-induced 
fractures and cracks, restorative procedures, scaling 
and root planing, attrition, or abrasion, etc) or is 
naturally absent (e.g. due to gaps in the cemental 
coating at the cervical root surface), the pulpodentin 
complex will be exposed to the oral environment. 
Consequently, it is challenged by bacteria present in 

Fig 1-3 Routes of pulpal infection. 
(a) Normal pulp. (b) Cracks in the 
enamel reaching dentin and expos-
ing tubules. (c) Caries lesion expos-
ing dentinal tubules. (d) Direct pulp 
exposure. (e) Periodontal disease 
exposing cervical dentin or lateral 
canals. (f) Periodontal disease reach-
ing the root apex. 

a b c
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caries lesions, the saliva bathing the exposed surfac-
es, or the dental plaque accumulated on the exposed 
surfaces (Fig 1-3). Bacteria from subgingival biofilms 
associated with periodontal disease may invade the 
pulp via the dentinal tubules in the cervical region of 
the tooth or via the lateral and apical foramina (see 
Fig 1-3). Microorganisms may also invade the root ca-
nal any time during the endodontic intervention, 
usually by a breach in the aseptic chain, or even after 
treatment, usually by coronal leakage of saliva.

As the permeability of normal dentin is dictated 
by its tubular structure, the pulp is put at risk of infec-
tion whenever dentin is exposed (Fig 1-4). Dentinal 
tubules traverse the entire width of dentin and have 
a conical shape. They are widest near the pulp (mean 
2.5  µm-diameter) and narrowest in the periphery, 
near enamel or cementum (mean 0.9 µm-diameter).8 
The smallest tubule diameter is compatible with the 
cell diameter of most oral bacterial species (range 0.2 
to 0.7 µm). Thus, one might well assume that, once 
exposed, dentin offers bacteria unrestricted access 
to the pulp via the tubules. Nevertheless, this is not 
necessarily the case. Bacterial invasion of dentinal tu-
bules was found to occur more rapidly in nonvital 
than in vital teeth.23 In vital teeth, the outward move-
ment of dentinal fluid and tubular contents (includ-
ing odontoblast processes, collagen fibrils, and the 
sheath-like lamina limitans lining the tubules) influ-
ences dentinal permeability and can conceivably de-
lay intratubular invasion by bacteria. 

Due to the tubular contents, the functional or 
physiologic diameter of the tubules is only 5% to 10% 
of the anatomical diameter seen by microscopy.18 
Thus, although the microscopic diameter of dentinal 
tubules at the dentinoenamel junction is reported to 
be about 1  µm, they function as if they were only 
0.1 µm in diameter.27 Moreover, other factors such 
as dentinal sclerosis beneath a caries lesion, tertiary 
dentin, smear layer, and intratubular deposition of 
fibrinogen also reduce dentin permeability and 
thereby limit or impede bacterial progression to the 
pulp via dentinal tubules.29 Host defense molecules 
such as antibodies and components of the comple-
ment system may also be present in the dentinal 

fluid of vital teeth, and assist in protecting the dentin 
against deep bacterial invasion.1,24,25 Therefore, as 
long as the pulp is vital, dentinal exposure does not 
represent a significant route of pulpal infection, un-
less dentin thickness is considerably reduced and 
dentin permeability significantly increased.

Although bacteria have no frank access to the vi-
tal pulp via tubules, they shed products that dissolve 
in dentinal fluid and reach the pulp long before the 
bacterial cells themselves. These products may exert 
a direct effect on the pulp tissue even before direct 
pulp exposure.3,30,45 Depending on the amount and 
virulence potency of bacterial products, the thick-
ness of the remaining dentin, the area of dentin in-
volved, and the state of the pulpal circulation, this 
shedding of bacterial products may or may not cause 
significant pulpal inflammation.26 As for dentin per-
meability, it has been reported that the diffusion of 
toxic material into the peripheral ends of exposed 
dentinal tubules is unlikely to significantly irritate the 
pulp if the dentin is at least 3-mm thick, but may in-
duce substantial irritation if the remaining dentin 
thickness is only 0.3 mm.28 In the latter case, the den-
tin is extremely permeable and no longer able to 
function as a reliable diffusion barrier.

As the caries process progressively destroys 
dentin and approaches the pulp, bacterial aggres-
sion toward the pulp increases. Reeves and Stanley32 

Fig 1-4 Scanning electron micrographs of dentin showing 
tubules in cross-sectional (a) and longitudinal (b) views.

a b
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observed that when the distance between the invad-
ing bacteria and the pulp (including the thickness of 
reparative dentin) averaged 1.1 mm or more, the in-
flammatory response was negligible, and when the 
lesions came within 0.5 mm of the pulp, the extent of 
inflammation increased significantly. However, acute 
pulp inflammation did not occur until the reparative 
dentin that had formed beneath the lesion was in-
vaded by bacteria.

Most of the bacteria involved in the caries pro-
cess are nonmotile organisms that invade dentin by 
repeated cell division, which pushes cells into tu-
bules. Bacterial cells may also be forced into tubules 
by the hydrostatic pressure exerted on dentin during 
mastication.19 Bacteria inside the tubules under a 
deep caries lesion may reach the pulp even before 
frank pulp exposure occurs.11 However, it is assumed 
that the pulp will not be infected as long as it is vital. 
If only a few bacteria reach the pulp, this will be of no 
importance since the vital pulp can eliminate such a 
transient infection and rapidly clear or remove bac-
terial products. This efficient clearance mechanism 
tends to prevent injurious agents from reaching con-
centrations high enough to induce significant inflam-
matory reactions.26 On the other hand, if the vitality 
of the pulp is compromised and the defense mech-
anisms are impaired, very few bacteria are needed 
to initiate infection.

Bacteria have been isolated from necrotic pulps 
of traumatized teeth with apparently intact 
crowns.43,47 This inevitably raises the question as to 
how the bacteria reached the root canal. In the past, 
it was believed that bacteria from the gingival sulcus 
or periodontal pockets could enter the root canals 
of teeth whose pulps became necrotic after trauma 
through severed blood vessels of the periodontium 
in a process called anachoresis.10 However, this 
theory has never been supported by scientific evi-
dence. Actually, trauma can expose dentin by induc-
ing crown fracture or enamel cracks. Macro- and 
microcracks in enamel may occur in most teeth (not 
only traumatized teeth) and do not necessarily end 
at the dentinoenamel junction, but deep in the den-
tin.17 A single crack can expose a large number of 
dentinal tubules to the oral environment. If clogged 
with dental bacterial biofilm, the crack can serve as a 
portal of entry for bacteria. If the pulp remains vital 
after trauma, the dentinal fluid and tubular contents 
counteract bacterial penetration into the tubules, 
and pulpal health is not usually jeopardized. On the 
other hand, when the pulp becomes necrotic as a 
consequence of trauma, it loses the ability to protect 
itself against bacterial penetration and, regardless 
of dentin thickness, the dentinal tubules will become 
true avenues for bacterial invasion of the necrotic 
pulp.

Fig 1-5 Direct pulp exposure by caries is the most common route of root canal infection.
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Direct exposure of the dental pulp to the oral 
cavity is the most obvious route of endodontic infec-
tion (Fig 1-5). Caries is the most common cause of 
pulp exposure, but direct pulp exposure as a result 
of iatrogenic restorative procedures or trauma may 
also allow bacteria to reach the pulp. The exposed 
pulp tissue comes into direct contact with oral bac-
teria in caries lesions, saliva, and/or plaque biofilm 
accumulations on the exposed surfaces. Almost in-
variably, the exposed pulp will undergo inflamma-
tion, necrosis, and infection. The time lapse between 
pulp exposure and infection of the entire canal is un-
predictable but generally slow.5

Bacteria and their products egressing from infect-
ed root canals through apical, lateral or furcation for-
amina, dentinal tubules without an external cemen-
tum covering, and iatrogenic root perforations directly 
affect the surrounding periodontal tissues and induce 
pathologic changes in these tissues. However, there is 
no consensus as to whether the opposite is true, i.e. 
whether subgingival biofilms associated with peri-
odontal disease can directly cause pulpal disease. 

Conceptually, bacteria in subgingival plaque bio-
films associated with periodontal disease could 
reach the pulp by the same pathways as those by 
which intracanal bacteria reach the periodontium, 
and could thereby exert harmful effects on the pulp. 

However, it has been demonstrated that although 
degenerative and inflammatory changes of different 
degrees may occur in the pulp of teeth with associat-
ed marginal periodontitis, pulpal necrosis secondary 
to periodontal disease develops only if the periodon-
tal pocket reaches the apical foramen, leading to ir-
reversible damage to the main blood vessels that 
penetrate through this foramen to irrigate the pulp 
(Figs 1-6 and 1-7).13 Once the pulp becomes necrotic, 
periodontal bacteria can reach the root canal system 
via exposed dentinal tubules at the cervical area of 
the root or via lateral and apical foramina to estab-
lish an endodontic infectious process.

Fig 1-6 Periodontal disease affects pulp vitality when the 
subgingival bacterial biofilm reaches the apical foramen 
(courtesy Wilson Rosalém).

Fig 1-7 (a) Mandibular molar extracted because of ex-
tensive periodontal disease reaching the apex. (b) Histo
logic section showing the biofilm reaching the apical 
portion of the root. The pulp shows necrotic and degen-
erated areas. (c) Higher magnification of the periodontal 
biofilm attached to the apical part of the root (courtesy 
Domenico Ricucci).

a b
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As reported above, it has been claimed that bac-
teria can reach the pulp by anachoresis. According to 
this theory, bacteria are transported by blood or 
lymph to an area of tissue damage, where they leave 
the vessel, enter the damaged tissue, and establish 
an infection.9,35 However, there is no clear evidence 
showing that this process is a route for root canal 
infection. In fact, it was revealed that, when the blood 
stream was experimentally infected, bacteria could 
not be recovered from unfilled root canals unless 
they were overinstrumented during bacteremia, re-
sulting in injury to periodontal blood vessels and 
seepage of blood into the canal.6 Another argument 
against anachoresis as a route of pulpal infection 
comes from the study by Möller et al,21 who induced 
pulpal necrosis in monkey teeth and reported that all 
teeth with aseptic necrosis remained bacteria-free 
after 6 to 7 months of observation. Although anacho-
resis has been suggested to be the mechanism 
through which traumatized teeth with seemingly in-
tact crowns become infected,10 current evidence in-
dicates that the main pathway of pulpal infection in 
these cases is dentinal exposure due to enamel 
cracks.16,17

Whatever the route of bacterial access to the root 
canal, necrosis of pulp tissue is a prerequisite for the 
establishment of primary endodontic infections. As 
long as the pulp is vital, it can protect itself against 
bacterial invasion and colonization. However, if the 
pulp becomes necrotic as a result of caries, trauma, 
operative procedures, or periodontal disease, the 
necrotic tissue can be very easily infected. This is 
because host defenses no longer function in the 
necrotic pulp tissues, and those in the periradicular 
tissues do not reach deep into the root canal space. 

The root canal system is also devoid of host de-
fenses in cases where the pulp has been removed 
for treatment. For instance, microorganisms can gain 
entry into the root canal space during treatment, 
between appointments, or after root canal filling and 
cause a secondary infection.39 

The main causes of microbial invasion of the ca-
nal during treatment include residual dental plaque 
biofilm, calculus or caries on the tooth crown, a leak-
ing rubber dam, contamination of endodontic instru-
ments (e.g. by touching them with the fingers), and 
contamination of irrigants or other intracanal solu-
tions (saline solution, distilled water, citric acid, etc). 

Fig 1-9 Persistent/secondary intra
radicular infection is the main cause 
of posttreatment apical periodontitis.

Fig 1-8 Primary intraradicular infection is the main cause of primary apical 
periodontitis. (a and b) Large apical periodontitis lesions as revealed by peri-
apical radiographs.

a b
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Microorganisms can enter the root canal system 
between appointments by the following mechanisms: 
leakage through temporary restorative material, 
breakdown, fracture or loss of a temporary restor-
ation, fracture of tooth structure, and teeth with the 
canal left open for drainage. 

Microorganisms can still penetrate the root canal 
system after completion of a root canal filling if there is 
leakage through temporary or permanent restorative 
material, breakdown, fracture or loss of a temporary 
or permanent restoration, fracture of tooth structure, 
recurrent decay exposing root canal filling material, 
or delayed placement of permanent restorations.

Types of endodontic infections
According to the definitions proposed by Siqueira in 
2002,38 endodontic infections can be classified as 
follows:

Intraradicular infection

Intraradicular infection occurs when microorganisms 
colonize the root canal system and can be subclassi-
fied as primary, secondary, or persistent according 
to the time at which the microorganisms entered the 
root canal system.

Fig 1-10 Maxillary second premolar with posttreatment apical periodontitis. (a) Periapical radiograph. (b) Cone beam 
computed tomography (courtesy Fátima G. Bueno-Camilo).

Fig 1-11 (a) Extraradicular bacterial biofilm of endodontic origin. (b) Higher magnification (courtesy Domenico Ricucci).

a b

a b
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a)	 Primary intraradicular infection is caused by the 
microorganisms that initially invade and colonize 
the necrotic pulp tissue (initial or “virgin” infec-
tion). It is the cause of primary apical periodonti-
tis (Fig 1-8).

b)	 Secondary intraradicular infection is caused by 
microorganisms that were not part of the primary 
infection but which gained entry into the root 
canal some time after professional intervention. 
For this reason, it is called a secondary infection 
(secondary to treatment).

c)	 Persistent intraradicular infection occurs when 
microorganisms involved in the primary or sec-
ondary infection somehow manage to resist in-
tracanal antimicrobial procedures and endure 
periods of nutrient deprivation in treated canals. 

Persistent and secondary infections are responsible 
for several clinical problems, including persistent 
exudation (“wet canal”), persistent symptoms, inter-
appointment exacerbations (flare-ups), and post-
treatment apical periodontitis, which characterizes 
the failure of the endodontic treatment (Figs 1-9 and 
1-10). For the most part, persistent and secondary 
infections are clinically indistinguishable. Exceptions 
include infectious complications (e.g. apical abscess-

es) arising after the treatment of noninfected vital 
pulps or cases in which apical periodontitis was ab-
sent at the time of treatment but present on fol-
low-up radiographs. Both are typical examples of 
secondary infections.

Extraradicular infection

Extraradicular infection is characterized by microbial 
invasion of the inflamed periradicular tissues as a 
sequel to intraradicular infection. Bacteria in extra
radicular infections may be located as aggregations 
within the body of the lesion and surrounded by 
defense cells, within the cyst lumen, or attached to 
the outer root surface as biofilms (Fig 1-11). Extra
radicular infections are usually associated with 
symptoms and sinus tracts, showing a high preva-
lence in teeth with chronic and especially acute api-
cal abscesses.33,42 When present, these infections are 
in the large majority of cases dependent on the intra
radicular infection. However, on some occasions 
they can be independent of the intraradicular infec-
tion, in the sense that they are no longer fostered by 
the latter and, as such, are not responsive to nonsur-
gical root canal treatment.
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Teamwork is what counts – 
community as pathogen
Some classic diseases caused by exogenous patho-
gens have a “single-species etiology.” Apical peri-
odontitis, on the other hand, is similar to most hu-
man endogenous infections in that no single 
pathogen but rather a set of pathogenic species usu-
ally organized in mixed biofilm communities is in-
volved in its etiology.10,86,120,143,144

In ecological hierarchy, individual microorgan-
isms group to form populations, which in turn form 
microcolonies that interact with one another to form 
communities. A community is thus an integrated as-
semblage of populations that coexist and interact in 
a given environment. Following this concept, an in-
fected root canal harbors an endodontic microbial 
community composed of several populations (micro-
colonies). Individual populations sometimes consist 
of a single species but more frequently are com-
posed of different bacterial species that collectively 
give rise to a mixed community.136,137 Each popula-
tion has a functional role (niche) that contributes to 
the overall community and helps to maintain the 
ecological balance of the ecosystem. 

There is a recent trend to move away from the 
paradigm that a single pathogen causes a given hu-
man endogenous infection toward a more holistic 
view of the pathogenic community as the underlying 
unit of pathogenicity.131 According to this holistic ap-
proach, the whole is often greater than the simple 
sum of its parts, and no component can be thor-
oughly understood except in relation to the whole.65 
Like caries and marginal periodontitis, apical peri-
odontitis is the result of the collaborative activities of 
a biofilm community.131

Bacterial communities and 
apical periodontitis

The concept of endodontic infections as bacterial 
biofilm communities brings a more holistic view of 
the etiology of apical periodontitis.131 Mounting evi-

dence indicates that there is little specificity in the 
involvement of single species in the etiology of apical 
periodontitis, but more specificity when bacterial 
community profiles are taken into account. In other 
words, while association of a single bacterial species 
with a specific form of apical periodontitis is seldom, 
if ever, observed, bacterial community profiles seem 
to follow some patterns related to the different pre-
sentations of apical periodontitis.131 

Community profiles are essentially determined 
by species richness (number of different species) and 
abundance (proportion of each species). Community 
profile analyses of endodontic microbiota have re-
vealed some interesting findings, for example, that:
a)	 Different types of endodontic infections, includ-

ing persistent or secondary infections associated 
with treated teeth,14,113,114,121,132 are composed of 
mixed bacterial communities;71,134

b)	 Some underrepresented uncultivated bacteria 
are commonly found in infected root canals;70,133

c)	 Endodontic bacterial communities associated 
with the same clinical disease exhibit great inter-
individual variability,134 i.e. each individual har-
bors a unique endodontic microbiota in terms of 
species richness and abundance. The fact that 
individuals suffering from the same disease have 
endodontic microbiota compositions that differ 
consistently71,114,134 suggests a heterogeneous eti-
ology of apical periodontitis in which multiple 
species combinations lead to similar disease 
outcomes;

d)	 Bacterial communities seem to follow a specific 
pattern according to the clinical condition (asymp
tomatic apical periodontitis, acute apical abscess-
es or posttreatment apical periodontitis).114,134 
Therefore, it is reasonable to assume that the se-
verity of disease (intensity of signs and symp-
toms) or response to treatment may be related to 
bacterial community composition. In other words, 
from the perspective of the single-pathogen con-
cept, apical periodontitis can be considered to 
have no specific microbial etiology. However, 
based on the community-as-pathogen concept, it 
is possible to infer some specificity;120,134
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e)	 Interindividual variability is even more pro-
nounced in individuals from different geographic 
locations;71,114,134,135

f)	 The composition of the microbiota in the apical 
portion of the root canal is significantly different 
from that in the more coronal aspects of the root 
canal.3 Bacterial communities in the apical por-
tion of the canal are as diverse as those in the 
middle and coronal third of the root canal. A high 
level of interindividual (samples from the same 
region but from different patients) and intra
individual (samples from different regions of the 
same tooth) variability is observed.3

The biofilm lifestyle

Biofilm can be defined as a sessile multicellular micro-
bial community characterized by cells that are firmly 
attached to a surface and enmeshed in a self-pro-
duced matrix of extracellular polymeric substance 
(EPS) (Fig 2-1).20,30 The vast majority of microorgan-
isms in nature invariably grow and function as mem-
bers of metabolically integrated communities or bio-
films.20,77 In medical microbiology, the ability to form 
biofilms has been regarded as a virulence factor.45

Biofilms are not merely passive assemblages of 
bacterial cells stuck to surfaces, but are structurally 
and dynamically organized complex biologic sys-
tems. Bacterial cells in biofilms form microcolonies 
(about 15% by volume) that are embedded and 
non-randomly distributed in the EPS matrix (about 
85% by volume) and separated by water chan-
nels.23,30,136,142 Depending on the time they have to 
accumulate and remain undisturbed, dental bio
films  can reach up to 300 or more cell layers in 
thickness.136

The EPS matrix confers unique features to the 
biofilm community and plays an essential role in bio-
film physiology, output, and protection. EPS can be 
regarded as hydrated biopolymers, mostly com-
posed of polysaccharides, but also proteins, nucleic 
acids, and lipids.20 The main functions of the EPS 
matrix include:34

a)	 adhesion to surfaces, usually serving as a “biolog-
ic glue;” 

b)	 mechanical stability of the biofilm;
c)	 accumulation of extracellular enzymes that may 

have important activities for the community, in-
cluding nutrient acquisition and cooperative deg-
radation of complex macromolecules;

d)	 maintenance of the biofilm cells in close proxi
mity, favoring interactions;

e)	 nutrient source in periods of nutrient deprivation, 
even though some components of the matrix 
cannot be completely degraded;

f)	 retention of water to maintain a highly hydrated 
microenvironment; 

g)	 protection against phagocytes and host defense 
molecules;

h)	 protection against antimicrobial agents used 
during treatment.

The structure of biofilms differs significantly accord-
ing to the overall physical, chemical, and biologic fea-
tures of the environment.20,109,141 Among other 
mechanisms, the shapes of microcolonies in biofilms 
are governed by shear forces related to the flow of 
fluid or air over the biofilm. Microcolonies usually 
take the shape of “towers” or “mushrooms” when 
subjected to low shear forces and may appear elon-
gated and able to oscillate at high shear forces.141 
Such shear forces do not normally occur in root ca-
nals. The main structural and physiologic features of 
endodontic biofilms remain to be determined.

Biofilm bacteria form populations that are not ran-
domly distributed but are spatially and functionally 
organized throughout the mixed community. Indeed, 
the populations are strategically positioned for opti-
mal metabolic interaction, and the resultant architec-
ture favors the ecological role of the community. The 
properties displayed by a mixed biofilm community 
are mostly dictated by interactions between popula-
tions, which creates novel physiologic functions.

The community lifestyle affords the following ad-
vantages to biofilm bacteria:21,22,30,45,76,78,136,142

a)	 broader habitat range for growth of a more 
diverse microbiota;
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b)	 increased metabolic diversity and efficiency due 
to food webs;

c)	 protection from competing microorganisms, host 
defenses, antimicrobial agents, and environmen-
tal stress (Fig 2-2);

d)	 facilitated genetic exchanges, which may involve 
genes encoding antibiotic resistance and viru-
lence factors;

e)	 enhanced pathogenicity.

Community-based microbial 
pathogenesis 

The concept of pathogenic communities is based on 
the principle that teamwork is what eventually 
counts. The behavior of a bacterial community and 
the outcome of host/bacterial community interac-
tions depend on which species compose the commu-
nity and how the myriad associations occurring with-

in the community affect and modulate the virulence 
of its members. The virulence of a given species al-
legedly differs when the species acts in pure culture, 
in pairs, or as part of a larger bacterial “society” 
(community). 

The development of apical periodontitis requires 
the concerted action of bacteria in a community. 
Bacterial virulence factors involved in the pathogen-
esis of apical periodontitis represent the summation 
of substances produced by the bacterial endodontic 
community. Thus, the biologic effects of endodontic 
bacteria are the result of the collective pathogenicity 
of the community, which depends on the overall 
population density and species composition as well 
as the synergistic interactions between them.

It is possible that a certain species might have 
more than one role in the community while another 
species performs similar functions. This is termed 
functional redundancy and helps explain why com-
munities with different bacterial compositions  

a b

Fig 2-1 (a and b) Bacterial biofilms adhered to the tooth surface. Note the several cell layers composed of different 
morphotypes (cocci, rods, and filaments) and enmeshed in an extracellular matrix (arrows).



21

The invaders: bacterial biofilm communities and pathogenicity

CHAPTER 

2

can be found in different individuals with similar 
disease.131 

In mixed communities, a broad spectrum of rela-
tionships may arise between the component species, 
ranging from no effect (rare) or reduced pathogenic-
ity to additive or synergistic pathogenic effects. En
dodontic abscesses are polymicrobial infections in 
which bacterial species that are usually low-virulent 
and unable to cause disease individually can cause 
disease in association with other species as part of a 
mixed consortium (pathogenic synergism).17,146

Acute (planktonic) and 
chronic (biofilm) infections

Mechanisms by which bacteria forming biofilm com-
munities survive and induce tissue damage are a re-
sult of collective and cooperative activities and are 
quite different from those used by planktonic cells of 
specialized pathogens.20 Consequently, the outcome 
of biofilm community infections usually differs from 
that of infections caused by pathogens occurring in a 
planktonic state.

Apical periodontitis may be chronic or acute 
depending on a number of factors. Acute infection is 
usually caused by a highly virulent bacterial com
munity. Such high virulence may be due to the 

presence of virulent species or strains and/or the 
occurrence of synergism between species. Acute 
infections are usually related to bacterial cells in a 
planktonic state, high cell counts, and some tissue 
invasion ability, counteracted by diminished host 
resistance.130 In endodontic infection, planktonic 
cells are often observed in the lumen of the main 
root canal and may have been detached and released 
from the biofilm, or they may have been carried by 
saliva in cases with large exposure to the oral cavity. 
It has been demonstrated that, in some pathogens, 
genes coding for many virulence factors are ex-
pressed in planktonic cells much more frequently 
than in sessile (biofilm) cells, suggesting that plank-
tonic cells are more likely to participate in acute 
infections.38 The phenotype of cells in a planktonic 
state is fundamentally different from the much  
more diverse biofilm phenotype.12,96,123 The shift in 
gene expression toward a planktonic phenotype is 
usually conducive to rapid growth and mobility. 
Many enzyme and toxin genes are turned off when 
bacteria grow in the biofilm phenotype, but produc-
tion of these factors can be reinitiated and amplified 
when individual cells are released from biofilms and 
assume the planktonic phenotype.20 However, it 
must be recalled that transition to a planktonic state 
renders cells more susceptible to antimicrobial 
agents and phagocytosis.24,45,140

a b

Fig 2-2 (a) Biofilm on the walls of a mesial root canal from a mandibular first molar associated with apical periodonti-
tis. (b) Higher magnification of the inset in a. Note the accumulation of polymorphonuclear neutrophils in the canal near 
the biofilm (courtesy Domenico Ricucci).
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Chronic infection, on the other hand, is usually 
associated with low virulence of the bacterial com-
munity, which however generally represents a per-
sistent source of aggression to the tissues. Per-
sistence of chronic infections usually occurs because 
bacterial communities are organized in biofilms and 
are inaccessible to host defenses as a result of their 
anatomical location.16,23,24 The juxtaposition of bac-
terial biofilms to tissues not accustomed and adapt-
ed to their presence triggers protective and, at the 
same time, destructive inflammatory and immuno-
logic responses. In chronic apical periodontitis, bac-
teria in the necrotic root canal cause chronic infec-
tion by forming protected biofilms on the canal walls 
and maintaining close contact with the apical peri-
odontal ligament, which reacts by persistent inflam-
mation. Disease is usually mediated by host-derived 
factors in an attempt to eliminate these sessile 
communities.

To summarize, biofilms are generally less aggres-
sive in causing immediate tissue damage but are po-
tentially dangerous because they can stimulate per-
sistent inflammation associated with collateral tissue 
damage. Also, biofilms serve as potential foci for 

acute exacerbations by releasing sufficient plankton-
ic cells to initiate an acute infection. Tissue damage 
and resultant inflammation are generally propor-
tional to the cellular density and species composition 
of the biofilm.

Mechanisms of bacterial 
pathogenicity

Key terms that are important for further discussion 
of mechanisms of bacterial pathogenicity and viru-
lence are defined in Table 2-1.

Most bacteria involved in endodontic infections 
are normal inhabitants of the oral microbiota that 
take advantage of changes in the dental pulp that re-
duce local defenses and make the root canal amen
able to colonization. These bacteria are regarded as 
opportunistic pathogens, and endodontic infections 
are classified as endogenous infections. Apical peri-
odontitis is diagnosed based on the development of 
signs (bone radiolucency, swelling, sinus tract, etc) 
and symptoms (pain) of bacterial infection of the 
canal and damage to the periradicular tissues.

Table 2-1 Definition of terms related to the mechanisms of bacterial pathogenicity and virulence

Term Definition

Pathogenesis the chain of events leading to the development of a disease

Pathogenicity the ability of a microorganism to cause disease

Virulence quantitative measure of the pathogenicity of a microorganism

Virulence factors microbial products, structural components or strategies that contribute to patho
genicity

Infection invasion and proliferation of microorganisms in a place where they are not expected to 
be present; infection does not necessarily result in disease

Infectious disease development of signs and symptoms after microbial infection and damage to host 
tissues

Endogenous infection infection caused by members of the normal human microbiota

Exogenous infection infection caused by microorganisms not belonging to the normal microbiota but intro-
duced in the host

Pathogen a microorganism that causes disease

Primary or true pathogen a microorganism that often causes disease within a given host

Opportunistic pathogen a microorganism that causes disease only when host defenses are impaired

Putative, suspected or 
candidate pathogen

a microorganism suspected of being associated with a disease based on cross-sectional 
study findings not yet confirmed in longitudinal studies
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Bacteria involved in the pathogenesis of apical 
periodontitis may have participated in the early 
stages of pulp inflammation and necrosis or they 
may have gained entry into the canal space after the 
occurrence of pulp necrosis. In the former situation, 
involved bacteria are usually those present in the 
advanced front of caries lesions and in saliva bath-
ing the affected area. Bacteria implicated in the ear-
ly stages of pulp disease form authentic biofilms on 
dentin affected by caries. Diffusion of bacterial prod-
ucts through dentinal tubules induces pulpal inflam-
mation long before the pulp tissue is exposed 
(Fig 2-3). After pulp exposure, the tissue surface can 
be colonized and covered by bacteria present in the 
caries biofilm. The exposed pulp tissue is in direct 
contact with the causative bacteria and their prod-
ucts, and responds with severe inflammation 
(Fig 2-4). Tissue invasion by some bacteria may also 
occur. Bacteria at the battlefront have to survive the 
counterattack from the host defenses and, at the 
same time, must acquire nutrients to stay alive. In 
this bacteria–pulp clash, the latter invariably “loses 
the war” and becomes necrotic. The bacteria then 
move forward and “occupy” (i.e. colonize) the ne-
crotic pulp tissues (see Fig 2-4). These events occur 
in individual tissue compartments, which coalesce 
and move toward the apical part of the canal until 
virtually the entire root canal is necrotic and infect-

ed. At this stage, involved bacteria can be regarded 
as the early root canal colonizers or pioneer 
species.

As the infection front approaches the portals of 
exit of the root canal system (apical or lateral foram-
ina), inflammation reaches the periradicular tissues 
and damage occurs. Periradicular inflammation can 
be observed even before bacteria reach the apical or 
lateral foramina (Figs 2-5 and 2-6).4,138,158 A study 

a b

Fig 2-3 Caries affecting dentin. (a) Bacteria and their products penetrate the dentinal tubules. Diffusion of bacterial 
products through the tubules can cause pulp inflammatory changes long before the pulp is exposed. (b) Heavy intra
tubular infection from caries bacteria (courtesy Domenico Ricucci).

Fig 2-4 When caries exposes the pulp, there is an in-
tense combat between bacteria from the caries biofilm 
and the host defenses in the pulp tissue. In the event of a 
compartment of inflamed pulp tissue becoming necrotic, 
it is invaded by bacteria that colonize this area, and the in-
fectious process advances in an apical direction (courtesy 
Domenico Ricucci).



24

The infection

SECTION 

1

showed that the apical part of the pulp tissue was 
still vital, though inflamed, in about one third of the 
teeth with apical periodontitis.110 

The early colonizers play an important role in the 
initiation of the apical periodontitis disease process. 
Environmental conditions in the canal are modified 
by the pioneer species and the disease process; at 
this point, they may be conducive to the establish-
ment of bacterial groups different from the early col-
onizers. Once the pulp is necrotic, species other than 
those that participated in the initial infectious pro-
cess may also have access to the canal via coronal 
exposure or exposed dentinal tubules. In fact, shifts 
in the microbiota can be observed due to changes in 
the proportions of pioneer species and latecomers. 
In all probability, some early colonizers will no longer 
participate in the consortium in advanced disease. 

With the passage of time, the endodontic microbio-
ta becomes more and more structurally and spatially 

organized. Some virulence attributes required for 
pathogens to thrive in other sites (e.g. the ability to 
evade the host defenses) may be of no value to bac-
teria that reach the root canal after necrosis. This is 
because latecomers face no significant opposition 
from host defenses, which are drastically decreased or 
no longer active in the canal after necrosis. Although 
colonization may appear an easy task for late coloniz-
ers, other environmental factors such as interaction 
with pioneer species, oxygen tension, and nutrient 
availability will determine whether the new species en-
tering the canal will succeed in establishing themselves 
therein. Thus, latecomers will join the early colonizers 
to make up a dynamic mixed community in the root 
canal. Eventually, the root canals of teeth evincing ra-
diographically detectable apical periodontitis lesions 
harbor early colonizers that managed to stay in the 
canals and late colonizers that managed to adapt to 
the new but propitious environmental conditions.

a b

Fig 2-5 (a) Frontline of pulp infection located between the middle and apical third of the canal (arrow). The apical 
pulp tissue is vital, but inflamed, and apical periodontitis is already present before the most advanced front of bacterial 
infection reaches the apical foramen. (b) Higher magnification of the bacterial organizations in the frontline of infection 
(courtesy Domenico Ricucci).
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The mechanisms of bacterial pathogenicity in-
clude damage to the host tissues through direct and/
or indirect effects (Fig 2-7). Bacterial factors that 
cause direct tissue harm include those that damage 
host cells and/or the intercellular matrix of the con-
nective tissue. These factors usually involve secreted 
products, including enzymes, exotoxins, and meta-
bolic end-products.129 Furthermore, bacterial struc-
tural components, including lipopolysaccharide (LPS 
or endotoxin), peptidoglycan, lipoteichoic acid (LTA), 
fimbriae, flagella, outer membrane proteins and ves-
icles, DNA, and exopolysaccharides, are shed into 
the periradicular tissues and act as modulins by 
stimulating the development of host immune reac-
tions capable not only of defending the host against 
infection but also of causing severe tissue destruc-
tion.53,149 The bacterial products that stimulate the 
immune response are also referred to as pathogen 
associated molecular patterns (PAMPs) and their 

effects are related to their binding to pattern recog-
nition receptors (PRRs) on the host cells, which will 
activate antimicrobial and/or inflammatory func-
tions, depending on the cell involved.

Periradicular inflammation is a result of an inter-
action of host cells with live or dead bacteria present 
in the root canal system. As endodontic infections 
are usually characterized by a mixed community 
with several different species, the host immune cells 
are expected to encounter multiple PAMPs that will 
interact with their specific PRRs to stimulate a multi-
tude of reactions involved with the pathogenesis of 
apical periodontitis.

Bone resorption is a clear example of indirect 
damage caused by bacterial infection of the root ca-
nal. Inflammatory and noninflammatory host cells 
are stimulated by bacterial components to release 
cytokines that are involved in the induction of bone 
resorption typically observed in chronic apical peri-
odontitis lesions.122 Proinflammatory cytokines stim-
ulate osteoclastic bone resorption by enhancing the 
proliferation and differentiation of osteoclast precur-
sors, promoting the activation of mature osteoclasts, 
or both.115 

Pus formation in the acute apical abscess is an-
other example of indirect tissue damage induced by 

Fig 2-6 Apical periodontitis can develop even before the 
bacterial infection front reaches the apical foramen. Note 
the presence of vital inflamed tissue in the apical root 
canal (courtesy Domenico Ricucci).

Fig 2-7 Bacteria exert their pathogenicity by causing 
direct or indirect tissue damage. While secreted bacterial 
products are expected to cause direct damage, structural 
components of the bacterial cell are more related to indi-
rect damage by stimulating the host defenses, with resul-
tant protective and destructive effects.
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bacteria. Host defense mechanisms against bacteria 
emanating from the root canal appear to be the 
most important factor involved in pus formation as-
sociated with abscesses. Hyperactive, supernumer-
ary or dysregulated polymorphonuclear neutrophils 
(PMNs) cause tissue damage and liquefaction 
through the release of toxic substances such as 
oxygen-derived free radicals or tissue-degrading 
lysosomal enzymes. Therefore, bacteria can exert 
indirect destructive effects, which seem to be more 
significant in the tissue damage associated with 
acute and chronic apical periodontitis lesions.

The isolated location of root canal microbiota in-
dicates that, to exert their pathogenicity, bacteria 
must either invade the periradicular tissues or their 
products, and/or structural components must pene-
trate the tissue and be able to evoke a defense 
response in the host. Bacteria can invade tissues by 
means of motility or growth. Motile bacteria can es-
cape phagocytes by rapid movement. Invasion by 
growth requires that the rate of reproduction over-
comes the host defense mechanisms. Only a few 
oral bacteria have motility; consequently, invasion by 
growth is the main form used by endodontic patho-
gens. Frank invasion of the periradicular tissues is 
rather uncommon and, when it occurs, bacteria are 
usually eliminated quickly. Depending upon several 
factors, massive invasion of the periradicular tissues 
by bacteria may sometimes result in abscess forma-
tion. The presence of more virulent species or strains 
or of a more virulent mixed consortium are import-
ant factors influencing abscess formation. 

Most members of the oral microbiota are not 
highly pathogenic and have low virulence. This is 
consistent with the chronic, slowly progressive na-
ture of the most common form of apical periodonti-
tis. Therefore, as bacterial infection (invasion, sur
vival, and proliferation) of the periradicular tissues 
rarely occurs (except in abscess cases), direct or indi-
rect aggression toward the tissues must be caused 
by secreted bacterial products or structural compo-
nents that diffuse out from the canal or are released 
by bacterial cells that reached the periradicular tis-
sues but were rapidly eliminated therein by the host 

defenses. In acute cases or in the rare cases where 
an asymptomatic lesion is infected (e.g. sinus tracts, 
actinomycosis, infected cysts), tissue damage also re-
sults from factors released by viable bacterial cells 
directly in the tissues.

More than likely, few, if any, of the putative endo
dontic pathogens are individually capable of induc-
ing all of the events involved in the pathogenesis of 
the different forms of apical periodontitis. The pro-
cess requires integrated and orchestrated interac-
tion of the selected members of the mixed endodon-
tic communities and their respective virulence 
attributes (Tables 2-2 and 2-3).

“Quorum sensing” systems –  
a bacterial talk

Bacteria living in communities can communicate 
with one another, capacitating them to behave col-
lectively as a group. This intercellular communication 
phenomenon, referred to as quorum sensing, can oc-
cur in both Gram-positive and Gram-negative bacte-
ria.8,31,83,98,157 Quorum sensing involves the produc-
tion, release, and subsequent detection of chemical 
signaling molecules called autoinducers. As the bac-
terial population producing and releasing autoinduc-
ers multiplies, the extracellular concentration of 
autoinducers also increases. As the autoinducer 
concentration reflects the number of bacterial cells, 
perception of a threshold level of such a signal mole-
cule indicates that the population has reached a quo-
rum and is ready to change its behavior according to 
alterations in gene expression patterns.98 

Quorum sensing systems are known to regulate 
virulence, secondary metabolite production, and bio-
film formation.9,28,99,147 Some opportunistic patho-
gens express virulence factors in response to sens-
ing their own cell density. It has been presumed that, 
in an attempt to avoid alerting the host defenses to 
their presence, quorum sensing bacteria delay viru-
lence factor production until their cell numbers are 
high enough to ensure that secretion of virulence 
factors will result in productive infection.8
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Some candidate endodontic pathogens have 
been shown to produce quorum sensing signal mol-
ecules.37,102,153,160 Quorum sensing systems are likely 
to be involved in bacterial adaptability to the root 
canal environment and to coordinate community 
activity resulting in enhanced pathogenicity.

Virulence factors

Bacterial virulence factors are represented by struc-
tural components, many of which are located at the 
cell surface, and products that are secreted into the 
immediate environment. Bacterial strategies that 
contribute to pathogenicity, including the ability to 
co-aggregate and form biofilms, are also regarded as 
virulence factors. Other than causing host tissue 

damage, the primary function of the so-called viru-
lence factors is structural or physiologic, and that of 
doing harm is merely coincidental and consequen-
tial. In most cases, different virulence factors act in 
combination at various stages of infection, and a sin-
gle factor may have several functions at different 
stages.

Virulence factors may be involved in attachment 
to host surfaces, tissue and host cell invasion, prolif-
eration in the host, direct and indirect tissue dam-
age, and survival strategies, including evasion of host 
defense responses (see Table 2-2). It is highly unlikely 
that a single virulence factor is responsible for tissue 
damage associated with apical periodontitis lesions. 
A given factor may play a major role in some cases, 
but its independent effects are probably not suffi-
cient for disease pathogenesis. Finally, endodontic 

Table 2-2 Bacterial virulence factors involved with different stages of the infectious process

Function Virulence factors

Attachment Adhesins (fimbriae, afimbrial surface proteins)
Exopolysaccharides
Lipoteichoic acid
Outer membrane proteins
Outer membrane vesicles

Invasion Flagella
Enzymes (collagenase, hyaluronidase, chondroitin sulfatase, fibrinolysin, acid 
phosphatase, and DNase)

Survival (evasion of host 
defenses or acquisition of 
nutrients)

Exopolysaccharides (capsule)
IgM, IgG, IgA, C3, and C5 proteinases
Lipopolysaccharide (antigen-O portion)
Flagella
Exotoxins
Heat-shock proteins
Metabolic end-products

Direct damage Exotoxins
Enzymes (collagenase, hyaluronidase, chondroitin sulfatase, gingipains, aminopepti-
dases, phospholipase, neuraminidase, and acid phosphatase)
Metabolic end-products (short-chain fatty acids, polyamines, volatile sulfur compounds, 
indole, and ammonia)

Indirect damage Lipopolysaccharide (mainly lipid A portion)
Peptidoglycan
Lipoteichoic acid
Fimbriae
Exopolysaccharides
Outer membrane proteins (porins)
Lipoproteins
DNA
Heat-shock proteins
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infections are mixed, and certainly a large plethora 
of virulence factors are available to cause disease.

Structural components
Lipopolysaccharide

Lipopolysaccharide (LPS), an amphipathic molecule, 
is a major constituent of the outer leaflet of the outer 
membrane of most Gram-negative bacteria (Fig 2-8). 
A single bacterial cell can contain approximately 
3.5 x 106 LPS molecules. It has been estimated that 

about three-quarters of an Escherichia coli cell sur-
face consists of LPS, and the remaining portion is 
composed of proteins.112

Chemically, LPS is subdivided into three domains: 
an O-polysaccharide-specific chain (O-antigen), a 
core oligosaccharide component, and a hydrophobic 
glycolipid component (lipid A).111 Lipopolysaccha-
rides lacking the O-antigen are named lipooligosac-
charides. Lipid A is embedded in the outer mem-
brane, whereas the core and the O-antigen portions 
extend outward from the bacterial surface. Although 
antigenic, the LPS molecule has reduced toxicity 

Table 2-3 Main virulence factors of some candidate endodontic pathogens

Microorganism Main features Putative virulence factor

Treponema denticola Anaerobic  
Gram-negative 
spirillum

Major surface protein; chymotrypsin-like protease complex; 
extracellular or membrane-associated proteolytic and hydrolytic 
enzymes; lipooligosaccharide; lipoprotein; phospholipases; meta
bolites (acetic and lactic acids, H2S); flagella; heat-shock proteins

Tannerella forsythia Anaerobic 
Gram-negative rod

Lipopolysaccharide; trypsin-like enzyme; acid phosphatase; 
metabolites (acetic, propionic, butyric, isovaleric and phenylacetic 
acids); apoptosis-inducing factor; heat-shock proteins

Porphyromonas 
endodontalis

Anaerobic 
Gram-negative rod

Lipopolysaccharide; capsule; outer membrane proteins; protein
ases; acid phosphatase; metabolites (butyric and propionic acids, 
indole, H2S)

Porphyromonas 
gingivalis

Anaerobic 
Gram-negative rod

Lipopolysaccharide; fimbriae; capsule; lipoproteins; outer mem-
brane vesicles; proteinases; fibrinolysin; phospholipase; acid phos-
phatase; DNase; hyaluronidase; chondroitin sulfatase; hemolysins; 
metabolites (H2S, methylmercaptan, dimethyl disulfide, butyric 
and propionic acids, indole, ammonia); heat-shock proteins

Fusobacterium 
nucleatum

Anaerobic 
Gram-negative rod

Lipopolysaccharide; outer membrane proteins; capsule; meta
bolites (butyric and propionic acids, ammonia, indole); heat-shock 
proteins

Prevotella intermedia/ 
nigrescens

Anaerobic 
Gram-negative rod

Lipopolysaccharide; fimbriae; metabolites (indole, H2S, ammonia, 
acetic and succinic acids); proteinases; hemolysins; acid phos
phatase; phospholipase; heat-shock proteins

Campylobacter rectus Anaerobic 
Gram-negative rod

Extracellular cytotoxin; lipopolysaccharide; S-layer; arylsulfatase; 
H2S; heat-shock proteins

Parvimonas micra Anaerobic 
Gram-positive coccus

Peptidases; hyaluronidase; capsule; H2S

Streptococcus 
anginosus group

Anaerobic or 
microaerophilic 
Gram-positive coccus

Peptidoglycan; lipoteichoic acid; enzymes;
metabolites

Enterococcus faecalis Facultative 
Gram-positive coccus

Lipoteichoic acid; gelatinase; hyaluronidase; cytolysin; aggregation 
substance; pheromones; heat-shock proteins

Candida albicans Yeast Mannose-containing proteins; mannan; phospholipase; protein-
ases; hyaluronidase; acid phosphatase; chondroitin sulfatase; 
phospholipase; heat-shock proteins
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when still incorporated in the bacterial outer mem-
brane. However, when released from the cell wall, its 
toxic moiety (lipid A) is exposed to host defense cells 
and can evoke an inflammatory response. Lipid A is 
released from the outer membrane during bacterial 
multiplication or after death, in which case LPS is re-
leased either in free form or in a complex with bacte-
rial surface proteins (endotoxin). LPS can also be re-
moved from the membrane directly by the action of 
the soluble host plasma LPS-binding protein (LBP), a 
lipid transferase. 

The major inflammatory effects ascribed to LPS 
depend upon its interaction with host cells, and 
macrophages are the key cells involved in host re-
sponses to LPS. When released from bacteria, LPS is 
initially bound to a LBP and then delivered to CD14, 
an LPS receptor on the surface of macrophages 
(Fig  2-9).128 Subsequent macrophage activation is 
the result of signals triggered by Toll-like receptors 
(TLRs). The Toll family of signal-transducing recep-
tors encompasses transmembrane molecules link-
ing the extracellular compartment, where contact 

and recognition of pathogens occur, and the intra-
cellular compartment, where signaling cascades 
leading to cellular responses are initiated. TLRs are 
responsible for cell signaling to a variety of bacterial 
components (Fig 2-10). Toll-like receptor 4 (TLR-4) is 
involved in cellular activation by LPS from most 
bacteria. While the LBP component acts as the car
rier of LPS, and CD14 is the recognizing receptor, 
TLR-4 functions as the signal-transducing compo-
nent of the macrophage response to LPS.1 TLR-2 
may be involved in cell signaling to some types of 
LPS. Engagement of the receptor activates transcrip-
tion factors, which induce activation of genes encod-
ing several proinflammatory cytokines. 

Recognition of LPS can stimulate inflammation, 
but it is essential for the host immune system to ini-
tiate the clearance of infection by Gram-negative 
bacteria. However, uncontrolled bacterial over-
growth leads to the release of large amounts of LPS, 
which can in turn stimulate an exaggerated immune 
response. The most severe example is septic shock, 
with a high risk of death.

Fig 2-8 Bacterial cell and its structural components that can act as virulence factors. On the right is a detailed scheme 
of the bacterial cell walls of Gram-positive and Gram-negative bacteria. PG, peptidoglycan; LTA, lipoteichoic acid; CM, 
cytoplasmic membrane; LPS, lipopolysaccharide (endotoxin); OMP, outer membrane protein; OM, outer membrane; 
LPtn, lipoprotein.
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Apical periodontitis is one of the most common infl ammatory diseases 
that aff ect humans and is caused by microbial infection of the dental 
root canal system. A thorough understanding of the etiology and 
pathogenesis of apical periodontitis is essential for high-quality 
endodontic practice based on a solid scientifi c foundation. The fi rst 
section of this book deals with microbiologic and pathophysiologic 
aspects of the diff erent manifestations of apical periodontitis, while 
the second section describes the best evidence for predictable 
treatment and prevention of the disease. Clinical techniques and 
protocols to treat endodontic infections are described in detail. This 
new edition boasts a team of renowned authorities in the fi eld that 
contribute state-of-the-art evidence about the biology and practice 
of the endodontic treatment of teeth with infected root canals. The 
content is supplemented with numerous full-color illustrations and 
radiographs. This book is a defi nitive guide for those involved with the 
prevention and treatment of endodontic infections.
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