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INTRODUCTION

Periapical lesions are normally the expression of apical
periodontitis (AP), a biofilm-related oral disease, that de-
velops in the periapical region of an infected tooth, as a
dynamic encounter between bacteria and other microor-
ganisms infecting the root canal system and reaching the
periodontium, and the host defence. The pathogenesis of
AP begins with a nonspecific inflammatory reaction, fol-
lowed by a specific innate, and adaptive immunological
response (Siqueira et al., 2020). The complex action of the
inflammatory cells with numerous biochemical media-
tors and the overlapping network between cytokines and
chemokines intervening in the process and relating to dif-
ferent bacterial profiles primarily result in the resorption
of periapical bone to produce lesions of varying extent
(Marton & Kiss, 2014; Siqueira et al., 2020) (Figure 1).

Depending on the specific nature of the infection and
host-related factors, AP manifests as acute (symptomatic)
or chronic (asymptomatic), and its histopathologic fea-
tures are mostly represented by a periapical granuloma
or a radicular cyst (Nair, 1998; Ricucci et al., 2020). The
development of AP into a radicular cyst rather than into
a granuloma is associated with the expression of a stron-
ger proinflammatory state that may render healing of the
lesion, in response to treatment, less predictable (Weber
et al., 2019); thus, it becomes important to make a differ-
ential diagnosis between the two conditions.

Apical periodontitis is a highly prevalent disease re-
lated to an infected root canal system, and according to
the latest systematic review and meta-analysis (Tiburcio-
Machado et al., 2021), its prevalence corresponds to 52%
of the adult population worldwide. The scope of endodon-
tic treatment is both to prevent the development of AP or
to create adequate conditions to favour the healing of this
disease by means of primary and secondary root canal
treatment (RCT) (Ng et al., 2011). Interestingly, from the
above-mentioned review, it also emerges that AP is more

frequently found in teeth that have received RCT, com-
pared with nontreated teeth. Further, the populations in
developing and transitional countries are more often af-
fected by AP, and this awareness brings further concerns
on the burden of endodontic disease on the global popula-
tion (Tiburcio-Machado et al., 2021).

The presence of untreated or persistent AP leads to im-
portant consequences, the most common of which is rep-
resented by the loss of teeth, which has a negative impact
on the quality of life in a world population who is growing
older (Sebring et al., 2022).

Furthermore, the clinical presentation of AP may, on
some occasions, lead to direct systemic complications
such as cellulitis that may create life-threatening situa-
tions (Shemesh et al., 2019).

Finally, the continuous presence of AP constitutes a
persistent systemic low-grade inflammation (endodontic
burden), which has been strongly associated with cardio-
vascular diseases and other health conditions (Segura-
Egea et al., 2015).

Dental diagnostics and treatment planning rely on im-
aging, and the assessment of treatment outcome is usu-
ally based both on clinical examination and radiographic
evaluation (Cotti, 2010; Patel, Dawood, Whaites, & Pitt
Ford, 2009).

Given the importance of treating AP, for preserving
the natural dentition, and preventing its direct and indi-
rect systemic involvement, and considering that AP is fre-
quently asymptomatic and is most often associated with a
lesion in the periapex of the affected tooth, the diagnostic
imaging techniques used should have the highest sensi-
tivity and specificity for any given task, while keeping the
biologic cost of the exam as low as possible (Cotti, 2010).

To date, the conventional methods to diagnose periapical
lesions are represented by periapical radiographs (PR), pan-
oramic radiographs and cone-beam computed tomography
(CBCT), supplemented by the use of ultrasound real-time
imaging (USI) and magnetic resonance imaging (MRI).

FIGURE 1 (a)Cone-beam computed
tomography scan of a periapical lesion

in the maxillary bone of an experimental
animal. (b) Histopathologic section
(haematoxylin and eosin) of the same
lesion, superimposed to the corresponding
scan
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The aim of this narrative review was to investigate
the most relevant and current literature on the imaging
techniques used to detect AP, to describe which are, to
date, the systems most reliable and advanced to achieve:
(1) the early and predictable detection of the disease; (2)
the most reliable way to measure the lesions in 2D and
3D, for their better assessment and follow-up; and (3) the
disclosure of the most important features to differentiate
the lesions of AP.

EARLY AND PREDICTABLE
DETECTION OF PERIAPICAL
LESIONS

Dental panoramic tomography (DPT) analyses a focal
trough or section of the lower skull. It is commonly re-
quested by clinicians to obtain an overall view of the teeth
and the jaws, less often to assess the periapical status of
single teeth. Although being a lower quality choice for fine
details, often needed in endodontics, it had increased pop-
ularity during the Covid-19 initial outbreak, as a method
of reducing the need for intraoral radiograph. However,
the evidence of the latest report is limited to caries detec-
tion because DPT was used in a sectional bitewing mode
(Little et al., 2020).

This radiographic exam has been associated with a
high likelihood of underestimating the presence of AP
(Estrela et al., 2008), which can be assessed on DPT,
with high specificity and positive predictive value, but
low sensitivity and negative predictive values. The abil-
ity of DPT to provide a true positive finding is dependent
on several factors, for an example, the position of teeth
with respect to the radiographic (x-ray) beam. When
periapical lesions are located in the mandibular canine/
premolar area, the x-ray beam is more orthogonal to this
section of the jaws, and consequently, AP becomes more
identifiable (Nardi et al., 2017). The intra- and interob-
server reliability for DMFT score, remaining teeth and
root filled teeth, has been reported for DPT (Sebring
et al., 2021) to be a valid method, while the assessment
of associated periapical lesions on DPTs became pre-
dictable only immediately after the calibration of the
observers. Importantly, these observations provide an
option for using DPT for diagnosing AP even if the over-
all efficacy of DPT on the early detection of AP is ques-
tionable (Figure 2).

Periapical radiographs are the most commonly used
radiograph to detect changes in the periapical bones.
The conventional wet films have been replaced by digital
sensors, with the advantages of reducing radiation dose,
processing time, developing issues and storage, which are
also helpful in communication with patients. The quality
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of radiographic images depends directly on the sensor
line pairs and the software used to read them (Nejaim
et al., 2016), with digital PRs reported to have a resolution
between 15 and 26 line pairs per millimetre (Farman &
Farman, 2005; Nejaim et al., 2016) and an effective dose
between 1 and 5uSv (Patel et al., 2021).

The ability of PR to detect the presence of periapical le-
sions has been often a controversial topic. The classic study
of Bender and Seltzer in the 60s (Bender & Seltzer, 1961)
provided evidence of the inability of PRs to reveal periapi-
cal lesions when fully confined to the cancellous bone. AP
was believed to be detectable on PRs only if it extended
to the cortical plates, or if more than 50% of the bone was
lost Shoha et al. (1974) demonstrated that this concept
was only partially true, with lesions in the cortical bone
located in the pre-molar region being detectable due to
the reduced thickness when compared to the molar areas.
Several later studies provided contrasting opinions, until a
more recent report addressed this issue and created an ex
vivo model using CBCT images as the reference standard,
and comparing them to PRs of the same area of interest.
Independently of their location, approximately 94% of all
lesions studied were correctly diagnosed, and those con-
fined to the cancellous bone could be identified in 92% of
the times with PR. The size of the lesions was an import-
ant parameter though, with the larger ones more easily
identifiable and more likely to be extended to the corti-
cal bone. Interestingly, when AP was not present, there
was a low tendency to misdiagnose the lesion with a false
positive. It was then concluded that lesion size could be a
better predictor of the ability to detect a periapical lesion
on PRs, than its location (Chang et al., 2020).

Despite the location and size of the lesions, PRs images
suffer several innate complications such as superimposi-
tion of anatomical structures, geometrical distortion, ana-
tomical noise and indeed of their two-dimensional nature
(Patel et al., 2019).

Cone-beam computed tomography has been used and
introduced in endodontics effectively in the last 20years
and validated by numerous articles. Developed as an evo-
lution of the computerised tomography (CT) scan, it uses
a cone or pyramid-shaped beam (instead of a fan-shaped),
a single rotation and small volumes to focus attention on
a particular area of diagnostic interest. The images thus
acquired and processed, reproduce a three-dimensional
reconstruction of the targeted region of interest and allow
the possibility of analysing it in different spatial planes.
The intra- and interobserver agreement, an important
factor when considering the diagnosis, the assessment of
the outcome, as well as the communication with the pa-
tient and the colleagues, has been reported to be higher
on CBCT than on PRs (Barnett et al., 2018; Patel, Dawood,
Mannocci, et al., 2009).
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FIGURE 2 (a)Comparison between
the panoramic radiograph and (b) the
periapical radiograph, for the diagnosis
of a periapical lesion (arrows) in the
mandibular left lateral incisor

FIGURE 3 Diagnosing more lesions of apical periodontitis (AP). Periapical radiograph of a maxillary left second molar with no
apparent evidence of AP (a). Cone-beam computed tomography scans of the same tooth that shows periapical radiolucencies associated with

all the roots (b, ¢). (Courtesy of Prof. A. Azim).

The detection of AP lesions on CBCT images has
been studied in several ex vivo and in vivo studies (Ozen
et al., 2009; Stavropoulos & Wenzel, 2007; Tsai et al., 2012)
that demonstrated higher sensitivity and specificity of the
exam when compared to PRs. A recent meta-analysis con-
firmed this superiority, reporting the sensitivity and spec-
ificity to be, respectively, 50% and 83% for PRs, and 95%
and 90% for CBCT (Mostafapoor & Hemmatian, 2022). It
has been reported that approximately a third of periapi-
cal lesions are missed on PRs, when compared to CBCT
(Abella et al., 2012; Lofthag-Hansen et al., 2007; Patel
et al., 2012), on primary endodontic disease, and similarly
on persistent AP (Davies et al., 2015), (Figure 3).

Undoubtedly, CBCT has drastically overcome the lim-
itation of conventional PRs; however, the high level of
confidence that CBCT provides in the detection of AP
has been recently questioned. A retrospective study ap-
proached the hypothesis that CBCT might produce false
positives when diagnosing AP (Pope et al., 2014), as
when standardised CBCT examinations were conducted
on vital, asymptomatic teeth, the presence of an enlarge-
ment of the periodontal ligament (PDL), corresponding to
1-2mm or more, was observed in 20% of the sample stud-
ied. Considering that widening of the PDL is an early pre-
dictor of AP, these results posed an important question on
the possible overdiagnosis of early AP on CBCT, with the
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consequent risk of overtreatment. The authors questioned
the observer's ability to read the changes in the PDL on a
three-dimensional image because they were more familiar
with the PRs, and this observation may be realistic. On the
other hand, as the authors used the symptoms as the only
reference standard to assess the state of the pulp in this
study, its methodology has been questioned.

Bone biopsies of periapical tissues would be the ideal
diagnostic reference standard for in vivo studies; however,
this is unpractical and ultimately unethical unless the bi-
opsy of the samples is obtained during periapical surgery.
Results similar to those described above were found in re-
search where persistent AP post-surgery (5-11years later),
was diagnosed on PRs and CBCT, and the histopathol-
ogy of the lesions was performed following a secondary
surgery (Kruse et al., 2017). In this report, the histology
revealed that 42% of the samples did not show signs of in-
flammation, while a periapical radiolucency was present
on CBCT examination but not on PRs. Interestingly, only
when the presence of a radiolucency was evident on both
PR and CBCT, a correct diagnosis was reached in 63% of
cases. The complete statistical analysis was not reported,
but the trend for CBCT to overestimate the presence of a
periapical radiolucency and the importance of PRs were
enforced (Figure 4).

Finally, two consecutive studies on cadavers, with his-
tology as reference, were conducted in an attempt to solve
the issue. In one, (Kanagasingam et al., 2017) the authors
performed CBCT, PRs and histology in jaw sections of
fresh, bodies, reporting the CBCT sensitivity in detect-
ing AP to be very high, a near lack of false positives and

FIGURE 4 Cone-beam computed tomography scan on tooth
lower right second molar. The red arrows indicate the presence of
a periapical radiolucency, due to nerve branches and blood vessels.
The tooth tested positive for sensitivity testing on two separate
occasions, 6 months apart.
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specificity equal to 1. Using a similar protocol, but with
tissues preserved in formalin, the second research showed
similar results, a very low risk of overdiagnosis on non-
root filled teeth and a more moderate risk for root filled
teeth (Kruse et al., 2018).

The high level of specificity and sensitivity of the
CBCT has thus highlighted the importance of this exam-
ination when conventional radiography is insufficient to
support a correct and confident diagnosis. Several fac-
tors should then be considered when requesting a higher
dose radiographic investigation such as CBCT: (a) Every
image should be justified, optimized and reported (Patel
et al., 2019); (b) Two levels of training for the clinicians
are recommended for prescribing and interpreting the
CBCT images (Brown et al., 2014; Patel & Harvey, 2021);
(c) The setting of the scan should be adapted to the area of
interest; however, small FOV with high-resolution CBCT
should be considered in endodontics, as a coadjuvant to
reach the best diagnosis to formulate an adequate treat-
ment planning. The patient should be informed of the
risks/benefits associated with the exam, and the quality
of images associated with the different machines in the
market should be also considered.

2D AND 3D MEASUREMENT OF
THE LESIONS

Linear measurements of periapical lesions represent part
of the normal routine in endodontic practice. PRs and
DPTs have been used initially in analogic, then digital
mode to determine the extension of AP radiolucencies
and other pathoses. Given the known size of the film or
being able to calibrate the radiograph digitally, it is pos-
sible to measure with a fair degree of confidence the size
of a lesion. The ideal trajectory of the radiographic beam
should be orthogonal and the film parallel to the long
axis of the tooth, or the root that is intended to be investi-
gated. Multi-rooted teeth represent therefore a challenge
in correctly exposing the patient and obtaining reliable
radiographs without distortion. Moreover, a magnifying
effect occurs due to the distance between focus and film.
Software has been used to modify digitally the images, to
obtain a standardised projection of the conventional ra-
diographs (Bose et al., 2009; Ideo et al., 2022).

Cone-beam computed tomography has overcome the
distortion problem because this exam allows the image
to be manipulated on several spatial planes. Linear mea-
surements of periapical lesions on CBCT, however, pose
a second issue on where to start and where to end the
measurement. Several articles have validated the ability of
CBCT to produce accurate linear measurements while es-
tablishing the radiographic working length and comparing
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it to apex locator readings and PRs (de Morais et al., 2016;
Segato et al., 2018; Ustiin et al., 2016). Amperage, voxel
size, field of view (FOV), tube voltage, rotation of the
machine and dose reduction mode have a potential influ-
ence on the resolution of CBCT images (Yeni et al., 2005).
Furthermore, some CBCT appliances do not allow a di-
rect manual set-up of each of these parameters but rely
on default settings linked to each other (i.e. selection of
a larger FOV = automatic set up of a larger voxel size).
The lack of standardisation between manufacturers and
the scarce ability to customise each setting, as well as dif-
ferent reconstructive software, has produced a plethora of
scientific articles on the topic that is difficult to compare
directly. Recent studies have found that the FOVs have a
minimal impact on the resolution of the image, as well
as the voxel size, as long there were smaller than 0.3 mm?>
when assessing linear measurements (Yilmaz et al., 2017).
Considering that the ‘endodontic settings’ of modern
CBCT machines use small voxel size in the range of 0.08-
0.125mm?, the standardisation of the CBCT has therefore
minimal influence on the images produced.

Since a periapical lesion is a volumetric entity, it is
broadly accepted in the scientific literature to measure
the largest part of the lesion, in the three planes, however,
minimal variations in the angulation of the root might
produce errors and false readings. Noticeably, several re-
ports on the quality of volumetric measurements of AP
on CBCT have found a high correlation between the sizes
measured with the corresponding anatomical samples
(Ahlowalia et al., 2013; Da Silveira et al., 2015; Esposito
et al., 2013; Liang et al., 2014; Sonmez et al., 2018).

To assess the extent and the alterations of periapical le-
sions on PRs, a codified scoring system (Periapical Index—
PAI) was introduced in 1986 (Qrstavik et al., 1986). Based
on previous histological works by Brynolf (1967), and on
the amount of bone mineral loss, the PAI index score pro-
vides a scale 1-5, ranging from healthy periodontium to
the development and exacerbation of AP. The score is used
to assess healing and ultimately the outcome of RCTs.

FIGURE 5 Measurements of
periapical lesions. Large periapical
radiolucency associated with a previously
root canal-treated upper incisor, the
cortical plates appear thinned, expanded
and partially fenestrated (CBCT-PAI 5D)
(a). Early stage of bone resorption (arrow),
due to pulp necrosis associated with the
mesio-buccal root of the upper left first
molar (CBCT-ERI 1) (b).

With the introduction of CBCT, an attempt to codify
through a reproducible system the complex and increased
amount of information was made, introducing a CBCT-
PAI (Estrela et al., 2008). The new index was based on a
scale of 0-5, from healthy periapical tissue to increasingly
larger periapical lesions, assessed by measuring their larg-
est part in millimetres. Two further categories indicated
the involvement of the cortical plate in relation with the
lesion (expansion and fenestration). The overall approach
of the CBCT-PALI is similar to the classic PAI, therefore ad-
dressing the periapical lesions still in two dimensions, and
without a standardised approach because of the arbitrary
positioning of the assessment plane. The following report
highlighted this issue and proposed a more accurate as-
sessment of the size of the lesion based on controlling
all spatial planes (Esposito et al., 2011). Considering the
fine details often present in Endodontics, more accurate
measurements were needed. The CBCT-endodontic ra-
diolucency index (CBCT-ERI) (Torabinejad et al., 2018),
codified the enlargement of the PDL on a scale 1-6, from
0.5 to 2.5mm and larger, using minute measurements par-
ticularly useful for early stages of AP (Figure 5).

Another index, the COmplex Periapical Index (COPI)
was developed as part of a comprehensive model with the
purpose to assess more the prognostic factors that affect
the outcome of endodontic treatment, than the mere re-
duction/increase in the size of periapical radiolucencies
(Venskutonis et al., 2015). Size of the lesions, the rela-
tionship between the root and the lesions and, ultimately,
the location of the bone remodelling, were the parame-
ters assessed. In conclusion, when the three CBCT indi-
ces were compared, COPI exhibited the best intra- and
interobserver agreement, CBCT-PAI the highest interob-
server variability and CBCT-ERI the highest intraobserver
disagreement (Sisli et al., 2021). The switch between 2D
measurements to volumes may overcome the intra-/in-
terobserver variability. Researchers proposed a semiau-
tomated segmentation of the volumes of the periapical
radiolucency on CBCT, with the possibility of creating
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reproducible volumes. The CBCT-PAVI (periapical vol-
ume index), is conceptually similar to CBCT-PAI (scale
0-6), but with progressively larger volumes instead of
linear measurements (Boubaris et al., 2021). The overall
sensitivity of the CBCT-PAVI was higher than 98%, with
a promising increase in its use for the future, although
errors may still occur, as the system still relies on small
operator-made adjustments to segment the area of interest
of the CBCT scan.

DISCLOSE THE MOST IMPORTANT
FEATURES TO DIFFERENTIATE
THE LESIONS OF AP

Lesions of AP are all inflammatory in origin and manifest
prevalently as apical cysts or granulomas, the latter being
the most frequent histopathologic feature of AP, as dem-
onstrated in the majority of studies (Ricucci et al., 2020).
An apical cyst is a lesion that becomes epithelialized as
a consequence of the proliferation of the periodontal epi-
thelial cell rests of Malassez within the granuloma and is
characterised by a cavity lined by a stratified squamous
epithelium, usually containing a serous fluid, with mul-
tiple cholesterin crystals (Nair, 1998). The lumen of the
apical cyst in about 8% of the cavity may alternatively
be lined by ciliated columnar cells of respiratory origin
(Nair et al., 2002; Ricucci et al., 2014). Apical cysts can
also be contained within a granuloma and have been dis-
tinguished in true and bay cyst forms, depending on their
relationship with the root canal that has generated the re-
action. A true cyst has no continuity with the root apex,
while a bay/pocket cyst has a lumen that includes the tip
of the canal responsible for the reaction (Nair, 1998).

The precise pathogenesis of apical granulomas and
cysts has not yet been fully explained (Nair et al., 2008),
but it is becoming more, and more evident that the devel-
opment of apical cysts is associated with a higher level of
proinflammatory immune reactivity from the host when
compared to granulomas, as lately underlined by the
significantly increased densities of HLA-DR- and CD83-
expressing cells, and by the important shift of macro-
phages polarisation towards the M1 form in cysts (Weber
et al., 2019).

According to the few studies that used strict histopatho-
logic criteria, the prevalence of cysts represents 15%-32%
of the AP lesions, with the most recent report concluding
that cysts represent 24% of AP, 48% being true and 52%
being bay cysts (Ricucci et al., 2020).

Over the years, it has been speculated that the presence
of a true cyst may account for one of the reasons for a neg-
ative outcome following RCT, the explanation is that the
lesion would not be influenced by the RCT because it has
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become an independent pathologic entity (Nair, 1998).
This hypothesis was recently partially discredited, when
it was demonstrated that true cysts actually retain com-
munication with the endodontic system, as bacteria were
observed consistently within their lumen, and that they do
not differ significantly from bay cysts (Ricucci et al., 2020).

Nevertheless, it is now accepted that apical cysts are
the expression of a stronger inflammatory response of
the host to root canal infection, than apical granulomas
(Weber et al., 2019), thus providing a different expla-
nation of why these lesions may not respond to regular
RCT. Further, the formation of true vs pocket cysts may
respond to an individual genetic pre-disposition (Ricucci
et al., 2020). Even if larger and longer standing lesions are
more likely to be cysts, a definitive differential diagnosis
between a cyst and a granuloma can only be obtained by
performing the histopathologic examination that includes
the entire lesion with the apical portion of the involved
root and using serial sectioning (Ricucci et al., 2020).

Other anatomical and clinical presentations of AP
lesions are represented by a sinus tract, a pathway mov-
ing throughout the bone from the enclosed area of in-
fection within the root canal, to an epithelial surface,
where it opens to drain (Cotti et al., 2019). The epithelial
opening of the sinus tract can be intraoral or extraoral
(Abbott, 2004). This condition has a prevalence ranging
from 7.4% to 30.75% (Gupta & Hasselgren, 2003; Slutzky-
Goldberg et al., 2009). Clinically, patients with a sinus
tract (also classified as chronic apical abscess) are asymp-
tomatic, with the draining stoma as the only discomfort
(Abbott, 2004). The sinus tract is expected to heal, follow-
ing treatment of the infected tooth (Abbott, 2004), yet its
presence, seems to lower the odds of treatment success
by 48%, increasing the risk of tooth loss by 120% (Ng
et al., 2011). Moreover, when a sinus tract opens in the
skin, it is often misdiagnosed as a dermatological prob-
lem (Gupta et al., 2011). Therefore, detecting the infected
tooth and also the pathway of the sinus tract is important.

The persistence of chronic apical abscesses with sinus
tracts has been attributed to the epithelial lining of the
tract, which would impede its closure, but more probably,
it is due to the complexity of the infection, which charac-
terised those cases. Infection in sinus tracts involves the
intraradicular biofilm within the root, in the periapical
lesion and in the external-radicular fraction of the tooth
(Ricucci et al., 2018).

Defining the characteristic of the bone lesions of AP,
when diagnosed, including the sinus tract pathways, may
help in planning endodontic treatment and addressing the
healing probabilities of the lesions.

Digital PRs have been used to measure grayscale val-
ues to differentiate cysts from granulomas with uncertain
results (Shrout et al., 1993). Later it was reported that
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granulomas could be distinguished from cysts by density
using CT, in a single pilot study with a reduced sample
size, followed by few other reports that paved the ground
for a more detailed diagnosis of AP (Trope et al., 1989).
Following the introduction of CBCT, CT imaging started
to be no longer recommended for the pre-operative diag-
nosis of radiolucent lesions, due to their higher radiation
exposure (Bornstein et al., 2015). Despite the fact that,
over the last 15years, CBCT has become the most import-
ant diagnostic tool for dental and endodontic indications,
the exam does not seem to entail the best characteristics
for the pre-operative descriptive or differential diagnosis
of AP. Classic studies have used cone-beam CBCT for the
differential diagnosis of apical lesions, using histology
as the gold standard. Attempts were conducted by de-
fining negative and positive grey-scale values, belonging
respectfully either to liquids and air, or to the bone, soft
tissue and dental materials, to distinguish extensive cav-
ities by their content (Simon et al., 2006). In alternative
complex scoring systems, based on various criteria were
used to discriminate between the different entities of
AP, validated with histology (Guo et al., 2013; Rosenberg
et al., 2010). Later researchers evaluated the dimensions
and predictive values of PRs and CBCT regarding the his-
tologic evaluation of lesions of different sizes (Bornstein
etal., 2015). Interestingly, irrespective of the method used,
the correlation between the radiographic analysis and the
histopathological diagnosis of cysts and granulomas using
CBCT was weak. To date, there has been concordance
in considering USI as the most reliable imaging system
to define the content of lesions in the maxillary bones,
hence to address the differentiation between cysts and
granulomas in comparison with histopathology, the gold
standard (Cotti et al., 2003). Ultrasounds have exhibited
a high degree of sensitivity and specificity for differenti-
ating periapical cysts and granulomas (Musu et al., 2016;
Natanasabapathy et al., 2021).

Ultrasound real-time imaging, also called echography,
or ultrasonography is based on the reflection of the ultra-
sound (US) waves that are directed towards the biological
tissues of the body using an ultrasonic probe. Depending
on the mechanical and acoustic properties of the selected
tissues, the ultrasounds are reflected and generate echoes
of different intensities that are transformed into an image
on the computer screen (Auer & Van Velthoven, 1990).

Echography is a dynamic exam, because the movement
of the probe on the chosen area, produces a sequence of
moving images (average of 30 images/second) in the mon-
itor, and the continuous changes in the sector plane cre-
ate a real-time three-dimensional representation of that
space. The strength of the echo signals, directly related
to the different acoustic properties of two adjacent tissue,
is represented as high: bright/white spots or low signals:

dark spots, defined, respectively, as hyperechoic and hy-
poechoic. Bone exhibits total reflection of the US waves
and is therefore hyperechoic, while areas filled with fluid
do not reflect the waves, and are anechoic. Areas charac-
terised by different types of tissues show what is called a
dishomogeneous echo (Auer & Van Velthoven, 1990).

Most important, ultrasound examination is supple-
mented by the use of colour-power Doppler (CPD) for
the presence, direction and intensity of the blood flow,
with its changes in real time (Doppler), in the format of
colour spots superimposed on the images of blood vessels
(colour), and with very high sensitivity for the minor vas-
cularity (power) (Auer & Van Velthoven, 1990; Ghorayeb
et al., 2008; Hofer, 2005).

Ultrasonic imaging has been used to document lesions
in the maxillary bones since the late nineties (Lauria
et al., 1996) and further directed to the study of AP (Cotti
et al., 2002, 2003), with the purpose to distinguish cavities
containing soft tissues, fluids or mixed components, and
to disclose, via the CPD, the vascularity within and around
the lesions, as a unique characteristic of this technique
(Musu et al., 2016; Natanasabapathy et al., 2021).

Solid lesions presenting various intensities of echoes
appear as different shades of grey (described as echogenic
or hypoechoic), while cavities appear dark (anechoic
or transonic) if filled with clear fluids and exhibit vari-
ous degrees of darkness if filled with liquids containing
inclusions.

Within this context, cystic lesions of endodontic origin
were described as basically well-contoured cavities, lim-
ited by reinforced bony walls, filled with fluids, anechoic
and with no evidence of internal vascularity on CPD.
Granulomas, on the other hand, appeared as lesions either
echogenic or mixed in content, with nonprecisely defined
contours and the presence of blood vessels based on CPD
(Cotti et al., 2003) (Figure 5). The results from the histo-
pathologic examination have confirmed the tentative US
diagnosis in the numerous studies performed in the last
15years (Musu et al., 2016; Natanasabapathy et al., 2021).

The US exam has shown a specificity with respect
to the content of the studied bone pathosis when it has
displayed the different appearances of cystic lesions con-
tained within a granuloma (mixed lesions) or the pecu-
liar transonic appearance (fluid with scattered echogenic
particles) of lesions, which corresponded to the secretion
from cells belonging to the ciliated columnar epithelium
lining the cyst wall (Cotti et al., 2003; Nair et al., 2002).

Last, a feasibility study has recently shown that sinus
tracts of endodontic origin can be detected, and their route
traced starting from the abscessed bone cavity, all the way
to the opening of the tract, by means of USI, by direct ob-
servation of their bone pathways and their vascularity in
three dimensions (Cotti et al., 2019). Previously the path
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of sinus tracts was obtained by navigating a gutta-percha
cone or metallic wire, from their orifice to their origin,
corresponding to the infected root, and taking a periapical
radiograph (Cotti et al., 2019), (Figure 6).

A more recent alternative, or adjunct, to the potential
of ultrasounds to provide a fine diagnosis of periapical le-
sions is represented by MRI, another exam able to provide
structural information for nonmineralized tissue, because
it enhances soft tissue contrast and high-resolution imag-
ing, distinguishing the amount of solid versus liquid mate-
rial within a lesion, (Fujita et al., 2013; Geibel et al., 2015)
and its vascular density on contrast examinations (Minami
et al., 1996; Unetsubo et al., 2009).

Magnetic resonance imaging is based on the creation
of a strong, magnetic field around the body of the patient,
that causes the protons in the atoms of water, contained
in the tissues, to line up. Then, high-frequency pulses of
radio waves are sent towards the tissues examined, per-
pendicular to the magnetic field, disrupting the alignment
of protons, which then start returning to their origi-
nal position (relaxation), releasing a radio signal of the
same frequency (resonance) (Whaites, 2007). The signals
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captured by a radio antenna are, at one point, received
and measured from a computer system and converted into
an image of the tissue of interest. The relaxation time is
tissue-specific and mostly responsible for the great soft
tissue contrast provided by the MRI, whose images are to-
mograms (Whaites, 2007). The strength of the MRI system
magnetic field is measured in metric units called Tesla
(Mendes et al., 2020).

Magnetic resonance imaging performs best on soft tis-
sues and vessels, whereas it does not represent specifically
the bony structures, well visualised by CBCT. In MRI,
bright images correspond to high signal intensity (SI) and
dark images to low SI. Bone and air are dark as they ex-
hibit low SI, while fat and soft tissues appear bright (strong
signal). In addition, MRI signal enhancement is possible,
when contrast agents are used (Mendes et al., 2020).

The most common MRI sequences that characterise tis-
sues are T1-weighted and T2-weighted scans, which repre-
sent two different relaxation times. T1 determines the rate
at which protons realign with the external magnetic field,
and T2 measures the time taken for excited protons to lose
phase coherence among the nuclei spinning perpendicular

FIGURE 6 Granuloma of the upper jaw in correspondence with upper right central incisor, as seen in the panoramic radiograph, in
the US imaging (left arrow), in the US imaging+ CPD (centre arrow) and in the histopathologic section (right arrow), (a) Radicular cyst

of the lower jaw in correspondence with the left canine, as seen in the panoramic radiograph, in the US imaging (left arrow) and in the
histopathologic section (H&E) (right arrow), (b) Representation of a sinus tract (photograph), the corresponding periapical lesion on the
periapical radiograph and the echographic representation of the lesion and tracing of the tract (arrows and circles), both in regular and 3-D

USL
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to the main field. T1-weighted images are enhanced by in-
jecting, during the scan, gadolinium, a nontoxic contrast
agent that brightens signal intensities and is especially
useful in looking at vascularity. T1-weighted images are
produced by using the short time to echo, the interval be-
tween the delivery of the radio pulse and the receipt of
the signal, and repetition time (TR), the time between
successive pulse sequences on the same slice (Juerchott
et al., 2018; Mendes et al., 2020; Whaites, 2007).

Magnetic resonance imaging was shown to be a feasi-
ble system for the detection and description of AP, in com-
parison to CBCT, in a pilot study on 34 periapical lesions,
the scans comprised a high-resolution multi-slice acquisi-
tion with T1- and T2-weighed contrast, with a scan time
ranging from 9:06 min for T1weighed, to 5:43min for T2
weighed. In detail, T1weighed images provide clear diag-
nostic information on the same lesions visible on CBCT
(Geibel et al., 2015). In MRI the contrast between the le-
sions and the surrounding bone is inverted: while highly

(©) coice o Factiale SENZAE
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mineralized structures are bright on CBCT images, they
appear as signal voids in the respective MRI scan. When
directly compared, AP lesions are more heterogeneous
and detailed in MRI images, than in CBCT, without the
interference of artefacts. The cortical bone and teeth are
identified by contrast with the surrounding soft tissue
(mucosa, muscle and salivary glands) and bone marrow
(high fat content), (Geibel et al., 2015).

Further, MRI identifies the fluids (hypointense T1-
weighted images and hyperintense on T2-weighted
images) and the fibrous tissue (isointense on T1- and T2-
weighted images) within a lesion. The characterisation of
the lesions resulted even superior in the T2-weighted im-
ages, with respect to the T1 (Geibel et al., 2015).

Importantly, apical lesions tend to appear larger than in
CBCT. Once MRI imaging was shown to be suitable to di-
agnose periapical lesions in the jaws, and sensible enough
to further define their content, it was demonstrated that
the exam can be used to differentiate periapical cysts

FIGURE 7 Granuloma of the mandible in correspondence with the lower left first molar and the second premolar (arrow). Axial
T2-WI with homogeneous low signal intensity (SI) (a); axial T1-WI after contrast agent administration with high homogeneous global
enhancement of the lesion (b); sagittal T1-WI with homogeneous low-intermediate SI and absence of low-intensity outline (c); sagittal
T1-WI after contrast agent administration with high homogeneous global enhancement of the lesion (d). (Courtesy of Dr. G Lizio & Prof. GA

Pelliccioni).
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FIGURE 8 Radicular cyst of the maxillary bone in correspondence with the upper right central, lateral incisors and canine (arrow).

Sagittal T1-WI with hypointense signal from the core (internal fluid) in comparison with that from the external fibrous-epithelial capsule

(a); sagittal T2-WI with inverted contrast with respect to the sagittal T1-WI (b). Both images (a and b) show low-intensity outlines and

clear lesion margins; sagittal T1-WI after contrast agent injection with high hyperintensity if the signal from the peripheral wall and hypo-
intensity of the inner part (c). (Courtesy of Dr. G Lizio & Prof. GA Pelliccioni).

from granulomas in three consecutive reports based on
the application of fat-saturated T2-weighted images,
non-contrast-enhanced T1-weighted images TIWFS with
and without fat saturation (T1w/T1wFS) and contrast-
enhanced fat-saturated T1-weighted images (Geibel
et al., 2017; Juerchott et al., 2018; Lizio et al., 2018).

Using what seem the most reliable MRI parame-
ters, granulomas and cysts can be identified as follows:
Granuloma is a lesion with (1) low to intermediate SI,
respectively, in T1- and T2-weighted images; (2) absence
of a low-intensity outline (LIO); (3) unclear margins; (4)
homogeneous signal (SH); (5) global contrast medium dis-
tribution pattern. Cysts, on the other hand, are a lesion
showing: (1) high to high-intermediate SI on T2-weighted
images, (indicative of the presence of internal fluids); (2)
presence of LIO, (indicative of the presence of a fibrous
capsule); (3) clear margins; (4) nonhomogeneous signal;
(5) peripheral thin/peripheral thick contrast agent distri-
bution pattern, indicative of the presence of an epithelial
wall (Lizio et al., 2018), (Figures 7 and 8).

When an infective lesion of the jaws spreads out to the
bone and the corresponding soft tissues, degenerating into
osteomyelitis, MRI becomes an elective diagnostic tech-
nique (DelBalso, 1995).

CONCLUSION AND FUTURE
DIRECTIONS

Considering the important advances in imaging of periapi-
cal lesions and the availability of multiple systems, the key
point is the training and the calibration of the operators.
A prepared and trained clinician can now use multimodu-
lar assessments to obtain the essential data on periapical

lesions. Some information can be achieved using DPT, in
certain areas of the mouth, provided a certain degree of
calibration has been undertaken. PRs are mostly reliable
as aroutine examination and can be still used successfully,
while CBCT represents, to date, the only system that en-
sures the early and predictable detection of all periapical
lesions in the jaws. The only risk of CBCT examinations is
represented by the possible false positives, mostly related
to the lack of adequate training and to the tendency for
the clinician to read the PDL coordinates with the same
attitude used when viewing PRs. Limited FOV CBCT is
therefore replacing PR as a good standard and will always
be the first move towards a diagnostic approach.

Volume calculation being mostly semiautomated will
soon succeed in linear measurements creating a new stan-
dardised method for evaluating the size of the lesions and,
consequently, endodontic outcomes.

Pioneering research on artificial intelligence is slowly
progressing in the detection of periapical radiolucen-
cies on DPTs, PRs and CBCTs, however, with promis-
ing results. Deep learning algorithms and convolutional
neuronal networks are only few of the tested artificial in-
telligence systems in the field of Endodontics, that have
reached similar or even more accurate results when com-
pared to human evaluations (Ekert et al., 2019; Endres
et al., 2020; Li et al., 2022; Pauwels et al., 2021; Setzer
et al., 2020). Larger sample sizes are needed to further val-
idate these protocols.

Improving the understanding of the features of AP
(vascularity, liquid content, degrees of turbidity, pres-
ence of fibrous tissues, abscesses and sinus tracts), that
may drive towards a more accurate definition of a lesion,
at present time may be obtained either with US imag-
ing and CPD or with MRI, complemented by a contrast
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medium. Both exams, in comparison to the clinical
standard, may enable pre-interventional tissue charac-
terisation, and incorporating them in the endodontic as-
sessment phase represents an additional value because
ultrasonography and MRI can be predictably used when
other differential diagnosis of lesions within the maxil-
lary bones become important. Another advantage, com-
ing from these advanced techniques, is that they entail
a lower biological risk since USI uses ultrasounds and
MRI uses radio waves, and this is an important consid-
eration as they have to be used in conjunction with a
CBCT.

Difficulties in using ultrasounds are due to the impos-
sibility to relate a given image to a specific tooth, or group
of teeth, once the exam is completed. Disadvantages of
MRI are represented by the cost and availability of the de-
vice, long acquisition time of the scans and limitations in
the use of the exam to patients not carrying metals, last,
depending on the apparatuses, claustrophobia of the pa-
tient is a strong contraindication. Most importantly, the
learning curve required to use and interpret MRI and USI
at their best, needs attention.

However, future developments, including dedicated
US probes for echography, wireless coils, dental coils and
position systems and reduced scan times for MRI may lead
to a multimodular diagnostic system that will implement
the information necessary to approach the most import-
ant clinical questions, when needed.
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