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Chapter 1

Introduction






Dental diagnostics and treatment planning strongly rely on imaging techniques, and outcome assessment is
usually based on clinical examination and radiographs. Orthopantomography and intraoral radiographs, which
are captured using X-ray films or digital sensors, are routinely used for these purposes, but they have significant
limitations because they compress 3-dimensional (3D) anatomy into two dimensions, causing geometrical
distortion and anatomical noise (Nardi et al. 2017, Patel et al. 2009a). To overcome these limitations,
alternative imaging modalities have been explored (Cotti & Campisi 2004). Cone beam computed tomography
(CBCT) was introduced as an upgrade to traditional CT scanners. It exhibits higher resolution and is therefore
a promising tool for diagnosing dental problems. Furthermore, most CBCT devices involve much lower
radiation exposure than traditional CT; they are simple to use and are roughly the same size as panoramic
machines, so they are suitable for dental settings (Patel e al. 2009a, Scarfe ef al. 2006). However, the quality
and diagnostic accuracy of CBCT images are affected by scatter and beam-hardening artifacts caused by high-
density structures such as enamel and radiopaque materials used in the dental field (Shaha et al. 2014). In
addition, CBCT exposes the patient to ionizing radiation, so it should be avoided routinely for diagnostic or
screening purposes (Patel er al. 2019, Silva et al. 2008). Magnetic resonance imaging (MRI) does not use
ionizing radiation, and it is mainly used in dentistry to investigate the salivary glands and temporomandibular
joint (Patel et al. 2009a). In a recent study, MRI was used to assess intraosseous lesions of the jaws because it
can distinguish solid from liquid material in a lesion, as well as epithelium (Lizio et al. 2018). However, MRI
and CBCT cannot detect the vascularity of a lesion without contrast enhancement (Lizio et al.2008). Moreover,
strong magnetic fields may not be safe in patients with pacemakers, implantable defibrillators, artificial heart
valves, cerebral aneurysm clips, and similar devices (Shaha ef al. 2014). MRI has poorer resolution than simple
radiographs, as well as longer scanning times and higher hardware costs. Finally, it can only be accessed in

dedicated radiology units (Patel ez al. 2009a).

Ultrasound examination, also called ultrasonography, real-time echography, or echo-tomography, is a real-
time imaging modality that has been used in many fields of medicine for more than 50 years (AIUM 2015). It
1s a non-invasive procedure because no access through the skin is needed, and there is no direct contact with
the mucosa or internal body cavities (Haar 2011). In addition, it is considered a reliable, cost-effective, and
safe imaging technique with no epidemiological evidence of harmful effects at normal diagnostic levels (Duck
2001, Moore 2011, Salvesen 2002). Despite their excellent safety record, ultrasound imaging techniques
discharge mechanical energy, which subsequently interacts with vital tissues. For this reason, different studies
have investigated the possible negative effects of ultrasound (Abramowicz 2002, Miller 1991, WFUMB 1998).
To date, no harmful mechanical or thermal effects of ultrasound examination have been demonstrated in
humans using the frequencies and exposure time necessary in clinical practice (Brown 1984, Carstensen 1987,
Duck 2001 ,Nyborg 1992, Moore 2011, Salvesen 2002). However, exposure to ultrasound should be kept as
low as reasonably achievable (ALARA). Ultrasound imaging should only be performed when clinically

necessary by trained professionals who understand how to use the modality safely (Haar 2011).



Ultrasound examination does not use ionizing radiation. Instead, it is based on the propagation and reflection
of ultrasound waves into and from the tissues of the body. Therefore, while X-rays can pass freely through a
vacuum, ultrasound waves require a medium that can transmit mechanical energy (Kumar & Mahabob 2010).
Ultrasound waves are generated through a transducer or probe when an alternating electric current is applied
to a crystal of quartz or composite piezoelectric material. As a result of the piezoelectric effect, the transducer
produces acoustic ultrasound waves oscillating at the same frequency. When ultrasound waves encounter
biological tissues of different densities that have distinct mechanical and acoustic properties, a portion of the
wave is deflected back to the transducer by reflection or scattering. The residual mechanical energy is
transmitted through the tissues. The echo is the part of the ultrasound wave that is deflected towards the crystal.
When ultrasound waves return to the crystal, they receive and transmit sound accordingly, with the changes in
thickness indicated by the conversion of the sound waves into electrical current and subsequently into grayscale
images on a computer screen (Cotti e al. 2002, Goldstein 1993). Early ultrasonography used a single crystal
to create a 1D scan line called the “A mode” (amplitude mode), with the echo amplitude displayed vertically

and the echo time of flight displayed horizontally (Girish & Jacobson 2002).

The standard screen image currently generated by ultrasound machines is called the “B mode” (brightness
mode), in which electrical energy is transformed into a light spot using a grayscale on a monitor. The
ultrasonographic image seen on the monitor is generated by the automatic movement of the crystal over the
tissues examined, producing a scan line that is used to create an image or frame. In the B mode, the real-time
image is refreshed many times per second—at least 16 times per second with modern devices—to produce a
moving image on the screen. An indicator on the probe is used to guide the user in determining the orientation
of the plane on the screen. The operator uses the controls on the console to optimize the system for different
anatomic targets (Girish & Jacobson 2009). The frequency of diagnostic ultrasound is measured in MHz.
Ultrasound waves generated at lower frequencies have better penetration, but lower resolution, while those
generated at higher frequencies produce images with a higher resolution at the expense of penetration into the
anatomical structures (Moore & Copel 2011). The examined tissues can be echogenic (i.e., generating echoes)
or anechoic\transonic (i.¢., not generating echoes because no reflection occurs within those tissues). Echogenic
tissues can be defined as hyperechoic—showing high echo intensity—when a strong reflection occurs at the
interfaces of organs and tissues. They are defined as hypoechoic when the tissue interface reflection has a low
intensity. Fluid-filled cavities are normally anechoic, while areas with the same acoustic properties as the
surrounding tissues are isoechoic (Cotti & Campisi 2004, McDicken& Anderson 2002). Ultrasound
examination can be enhanced using the Doppler mode to measure and visualize perfusion of the tissues. The
Doppler mode produces a real-time, 2D image of vascularity as a color overlay on a B-mode scan. Two types
of Doppler imaging are possible: color Doppler and power Doppler imaging. Color Doppler imaging provides
information on the mean velocity of blood cells at a given time, producing images on a color scale. Typically,
red is used to indicate flow towards the transducer, while blue denotes flow away from the transducer. Power
Doppler imaging measures the number of moving cells in the sample volume. It has greater sensitivity than

color Doppler to depict flow in small vessels. In both modalities, low flow velocities are displayed as dark



shades of red or blue, whereas high-flow velocities are displayed as lighter shades, according to a scale
(McDicken& Anderson 2002). Traditionally, volume within the body was studied by moving the
ultrasonographic probe over the area of interest, changing the anatomical plane, and thus providing a real-time,
3D impression of the space. However, this procedure requires a highly experienced sonographer and lacks
accuracy when reproducing 3D structures (Girish & Jacobson 2009). Subsequently, 3D ultrasound imaging
was developed to help clinicians acquire a full understanding of the spatial anatomical relationships. Using
this modality, B-scans are collected using either conventional 2D probes or dedicated 3D probes. The 2D
images are then converted into a volume that is visualized on the screen in real-time or near real-time (Huang

& Zeng 2016).

Ultrasound was first applied in dentistry in 1963 by Baum ef al., who demonstrated that the internal structures
of vital teeth, including enamel, dentin, and pulp tissue, could be distinguished (Baum et al. 1963). Recent
findings have confirmed that general-purpose sonographic machines can image dentin, cementum, and dental
pulp spaces in vivo through the cervical area of teeth, which is not covered by bone or prosthetic crowns
(Szopinski & Regulski 2014). As such, tooth integrity can be determined using ultrasound, and proximal
carious lesions can be diagnosed with a high level of accuracy in vitro (Tagtekin et al. 2008 and Matalon et al.
2007). A later in vivo study confirmed that ultrasound imaging can be used to evaluate cavitated proximal
carious lesions, with a minimum reduction in accuracy (Matalon et al. 2007). The same principles were used
to detect dental cracks and fractures in both dental phantom models and extracted natural teeth (Culjat ef al.
2005, Singh et al. 2007).

Ultrasound examination can also be used to assess periodontal tissues. An ex vivo study on pig mandibles
demonstrated that high-frequency ultrasound imaging could accurately and consistently measure the
periodontal structures, including the distance between the cementum-enamel junction and the alveolar bone
crest; the technique was compared to transgingival probing and direct measurements, which are normally
considered the gold standard (Tsiolisis ef al. 2003). These findings were later confirmed in studies that
compared ultrasound images with CBCT and direct microscopy section measurements (Chifor ez al. 2011,
Nguyen et al. 2016). Another study (Mahmoud et al. 2010) detected periodontal anatomical landmarks,
including the cementum-enamel junction, root, tooth cervical area, and coronal edge of cortical bone. The
same authors measured experimental bony defects in both the horizontal and vertical components.
Furthermore, ultrasound imaging has been applied in periodontology to measure soft tissue parameters, such
as gingival thickness, and to distinguish among different periodontal phenotypes. Clinical studies on humans
have confirmed that ultrasound examination can determine gingival thickness at the mid-buccal surfaces rather
than at the interproximal papilla, where measurements are unreliable (Miiller & Kononem 2005, Savitha &
Vandana 2005). Increased reliability of ultrasound imaging was shown in vivo when the gingiva was thinner.
Gingival appraisal resulted to be better in dental sites related to upper canines, first premolars, lower anterior

teeth, and premolars, whereas it was poorly reproducible in the lower third molars, where the gingiva is much



thicker (Miiller e al. 2007). Consequently, reduced reliability is expected in gingivitis, in which inflammatory

infiltration causes swelling.

Ultrasound examination has not been completely validated in implant dentistry, but a recent systematic review
clarified its potential technique during the three phases of implant treatment: planning, intraoperative, and
postoperative (Bhaskar ez al. 2018). In the planning phase, echography can be used to evaluate vital structures,
such as the greater palatine foramen, mandibular lingual foramen, and lingual nerve, which are difficult to
identify using current clinical methods. It can also identify tissue biotypes, ridge width/density, and cortical
bone thickness. During surgery, it can provide feedback on the bone boundary and vital structures, such as the
inferior alveolar nerve and maxillary sinus. At follow-up visits, it can be used to evaluate the level of marginal
bone and implant stability. In addition, in pig models, ultrasound imaging can be used to measure soft tissue

thickness over bone, as well as implants that are submerged in bone beneath soft tissue (Culjat ez al. 2008).

Conversely, ultrasound examination has found wider application in the evaluation of oral soft tissue diseases
(Marotti ef al. 2013). It is a valuable diagnostic tool to confirm infectious disease in the superficial facial
spaces, and it is highly reliable when predicting stage of infection (Rama Moan ef al. 2015). The
ultrasonographic appearance of abscesses varies from anechoic to irregularly hyperechoic due to internal
echoes made by sediments. Abscesses range in shape from round and generally well-defined to irregular and
lobulated, and they can be examined in motion when palpated or pressed. Cellulitis is usually characterized by
tissues that are more hyperechoic than normal because of massive inflammatory infiltration (Khartik er al.
2016). Conversely, osteomyelitis involves juxta-cortical soft tissue swelling, periosteal thickening,
subperiosteal exudate, and cortical erosion on ultrasound (Rama Mohan et al. 2015). Ultrasound examination
has also been applied to soft tissue malignancies in the oral cavity. A review article pointed out that intraoral
ultrasound with color and power Doppler imaging can estimate the depth of invasion of tongue carcinoma, as
well as its thickness, extent, and microvascular proliferation, which predict the tumor’s ability to spread to the

lymph nodes and metastasize (Hayashi 2012).

Considering that ultrasonography can provide information on the size, tissue characteristics, and vascularity
of lesions, it could be applicable to intra-osseous lesions of the jaws. This is an intriguing possibility, because
such lesions have a high incidence, involve complex differential diagnosis, and are not easily or readily
accessible (Philipsen et al. 2017). A 1996 study was the first study to apply echographic examination to jaw
lesions detected using panoramic, occlusal, and periapical radiographs. The results demonstrated that 90% of
the lesions could be visualized using standard equipment. The remaining 10% of the lesions could not be seen
because they had small diameters or were associated with a thicker cortical plate. Some inconclusive cases
involved lesions that contained mineralized tissue, such as ossifying fibromas and dentigerous cysts, which
can act as confounders when interpreting sonographic images (Dib et al. 1996). This protocol was subsequently
reproduced using color-power Doppler to implement grayscale B-mode imaging. The accuracy of the

sonographic diagnosis was 95% compared to the gold standard of histological examination (Sumer ez al. 2009).



In endodontics, ultrasound examination was introduced for the first time in 2002, when Cotti et al.
demonstrated that clinicians could obtain echographic images of apical periodontitis (AP) and collect
information related to its content (Cotti ef al. 2002). In later studies, this technique was enhanced by color and
power Doppler to differentiate between granulomatous and cystic apical lesions, using histopathology as a
reference standard (Cotti er al. 2003, Cotti e al. 2006). These results were later confirmed using the same
protocol (Marotti ef al. 2013). Some studies have attempted to standardize the application of echography to
monitor periapical bone healing after surgical and non-surgical endodontic therapy (Rajendran & Sundaresan
2007, Curvers et al. 2017). However, a systematic review of the literature must be carried out to summarize

the current scientific evidence.

One limitation of echography applied to jawbone lesions is that it cannot easily visualize dental landmarks
(such as dental morphology) in the B-mode on a screen. However, such landmarks can be seen while
performing the examination directly on the patient, and they can be visualized clinically during real-time
scanning of the patient, but not once the image has been printed or saved onto a hardware (Cotti et al. 2002).
Another limitation is that it is difficult for untrained physicians or dentists to interpret echographic images
(Patel ef al. 2009a, Shah et al. 2014), although there is no evidence that a lack of training results in unreliable
interpretation of ultrasound images of intra-bony lesions among dental professionals (Marotti et al. 2013).

Moreover, training in this technique could be introduced to dental programs once it becomes more prominent.

Conflicting information has been reported regarding how difficult it is to assess intra-bony lesions in the
posterior maxilla and mandible. Some authors have stated that posterior access is limited because conventional
transducers are used or because the bony plate is thicker in those areas (Gundappa et al. 2006, Tikku et al.
2016). Conversely, other studies have visualized lesions in both the posterior and anterior sites with equal
success (Cotti et al. 2003, Zainedeen ef al. 2018). Furthermore, some studies have argued that perforation or
consistent erosion of one cortical plate must be present before a lesion within the jawbones can be identified
using ultrasonography (Patel ef al. 2009a, Rajendran & Sundaresan 2007), although there is little evidence to

support this claim.



Objectives of the thesis

The aim of this thesis was to investigate whether real-time ultrasound examination could be used to assess
bone lesions affecting the jaws. In addition, we assessed whether the technique could differentiate between
periapical lesions of endodontic origin and other pathological conditions. Finally, we investigated the healing

of periapical lesions after endodontic treatment.

Outline of the thesis

Chapter 2 discusses the clinical case that inspired the subsequent chapters. Two different pathological entities,
namely a traumatic bone cyst and apical periodontitis, arose within the same area. A multi-modular approach
was used, in which color and power Doppler ultrasound was the only imaging modality that displayed the
features later confirmed by histopathological examination.

Chapter 3 presents a systematic review of the literature, which was carried out to collect the best available
evidence regarding the diagnostic accuracy of ultrasound imaging for intraosseous lesions of the jaws, with
histopathological examination as a gold standard.

Chapter 4 describes a clinical study that investigated whether color-power Doppler ultrasound examination
of the early vascular response to treatment in the affected area could be used to predict the healing of apical
periodontitis after endodontic therapy. The predictions were correlated with long-term clinical and radiological
assessment.

Chapter S analyzed real-time ultrasound examination to detect sinus tracts of endodontic origin, tracing the
drainage route from the periapical lesion to the opening within the oral mucosa or skin.

Chapter 6 reports an ex vivo study that aimed to address the main concerns about the use of ultrasound to
assess lesions in the jaws. In particular, it focused on whether cortical plate integrity could influence the images
obtained through the exam. Artificial bony defects were created to evaluate the accuracy of this technique
when diagnosing lesions with incomplete or limited erosion of the cortical bone plate, as well as to determine
the minimum cortical thickness that constitutes a barrier for ultrasound waves.

Chapter 7 is a systematic review of the literature aimed at understanding the state of the art in the use of color
and power Doppler ultrasound to monitor the healing of intraosseous bone lesions following treatment.
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Traumatic bone cyst (TBC), a “pseudocyst” that usually affects long bones, is a rare lesion among cystic lesions in the jaws. The most
commonly affected site is the posterior mandible. Most of the time, TBC is asymptomatic and discovered during routine
radiographic examination. The treatment recommended for TBC is surgical exploration followed by curettage of the bony walls,
which also serves as a diagnostic procedure. A 27-year-old Caucasian male with a noncontributory medical history was referred
to our department for the endodontic evaluation of the mandibular right first and second molars, which were connected to an
extensive asymptomatic osteolytic lesion. A multimodular diagnostic assessment involving CBCT imaging, ultrasound, and
histopathologic examination led to a definite diagnosis of a TBC overlapping with apical periodontitis (AP). Subsequently, a
multidisciplinary treatment approach was performed, including surgical excision and biopsy of the lesion, endodontic
retreatment of the right mandibular first molar, and postsurgical root canal treatment of the second molar. During the follow-up
period of five years, the patient was reassessed periodically once a year and showed, in the absence of signs and symptoms,
progressive healing of the affected area. The present article reports a case following the CARE guidelines of a TBC combined
with AP where a multimodular diagnostic assessment was performed and discusses the possible pathogenetic mechanisms

involved in its generation.

1. Introduction

Although the majority of osteolytic lesions in the periradicu-
lar area of teeth are inflammatory in origin, some may not be
inflammatory. The assessment of osteolytic lesions in the
maxillary bones should always involve an exhaustive medical
history report and a careful clinical examination comprising
diagnostic tests and radiographic examinations that can be
crucial in the differential diagnosis between apical periodon-
titis (AP) and nonendodontic lesions [1]. Three-dimensional
imaging systems provide additional information on the
extension of the lesions in the maxillary bones, their relation-
ships with the surrounding anatomical structures and the
aggressiveness of the disease, [2] while ultrasound examina-
tion with color-power Doppler can detect the content of the

pathologic cavity (i.e., solid and empty/fluid filled) and its
vascular supply [3]. Traumatic bone cysts (TBCs) are rare
lesions that constitute 0.2 to 0.9% of all cystic lesions in the
jaws, where the site most commonly affected is the posterior
mandible. It is often diagnosed during the first two decades of
life with an even distribution among the sexes [4]. TBC usu-
ally affects long bones and is defined as “an intraosseous cyst
having a tenuous lining of connective tissue with no epithe-
lium” and consequently a “pseudocyst” [5]. Most of the time,
TBC is asymptomatic and discovered during routine radio-
graphic examination; alternative pain is the most common
symptom, together with tooth sensitivity, paresthesia, and
painless swelling. Despite its name, a clear history of trauma
in TBC is often questionable [5, 6]. The treatment recom-
mended for TBC is surgical exploration followed by curettage
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(c)

(d)

F1Gure 1: Images of the 27-year-old patient presenting an extensive asymptomatic lesion of the right posterior mandible. (a) The panoramic
radiograph shows a well-defined unilocular osteolytic lesion with sclerotic margins located between the two molar teeth and superimposed on
the alveolar inferior nerve. (b) The periapical radiograph of the first molar depicting inadequate root canal treatment with signs of perforation
in the apical third of the distal root involved in the osteolytic lesion. (c) B-mode ultrasound examination showing a transonic lesion (arrows).
(d) Power-Doppler image showing the presence of peripheral vascularity.

of the bony walls, which also serves as a diagnostic procedure
[4-7]. The purpose of the present article is to report a case
following the CARE guidelines [8] of a TBC combined with
AP, where a multimodular diagnostic assessment was per-
formed and to discuss the possible pathogenetic mechanisms
involved in its generation.

2. Case Presentation

A 27-year-old Caucasian male with a noncontributory med-
ical history and no previous trauma was referred from the
maxillofacial department of the hospital for the endodontic
evaluation of the mandibular right first and second molars,
which were connected to an extensive asymptomatic osteoly-
tic lesion incidentally discovered on a routine panoramic
radiograph and scheduled to be treated surgically under gen-
eral anesthesia. The patient reported that he had experienced
pain and swelling in the right mandible months before, while
the first molar had a history of caries, extensive amalgam res-
toration, and incongruous endodontic treatment performed
ten years earlier. The clinical examination showed no sign
of buccal or lingual bone expansion, no lymph node involve-
ment, and intact overlaying mucosa. The first mandibular
molar was asymptomatic. The right second mandibular
molar was asymptomatic with an intact crown, and it
responded normally to the sensitivity tests at the time of
our examination. The panoramic radiograph showed a
well-defined unilocular osteolytic lesion with sclerotic mar-
gins located between the two molar teeth and superimposed
on the alveolar inferior nerve with a slight displacement of

the second molar. The first molar showed inadequate root
canal treatment with signs of resorption in the apical third
of the distal root involved in the osteolytic lesion. A preoper-
ative periapical radiograph taken using the paralleling tech-
nique confirmed these findings (Figure 1). Cone beam
computed tomography (CBCT) revealed a well-defined uni-
locular lesion, with considerable expansion toward the lin-
gual wall and consequent thinning of the lingual plate.
From the axial and sagittal sections, it was possible to diag-
nose a perforation both in the distal and lingual aspects of
the apical third of the distal root of the right first molar
(Figure 2). To assess the content and vascularity of the lesion,
a real-time ultrasound examination with the application of
color-power-Doppler (CPD) was performed using a Toshiba
Aplio XG (Toshiba Medical Systems, Crawley, UK) appara-
tus with a regular size, linear, high definition, and multifre-
quency ultrasound probe at 8-12 MHz. The exam displayed
a transonic, fluid-filled lesion with a well-defined hypere-
choic bone contour, perilesional vascularity, and no internal
vascular supply, suggestive of a cystic lesion (Figure 1). The
diagnosis, based on all the exams performed, was a nonendo-
dontic cystic lesion of the right mandible in the area of the
first and second mandibular molars and AP in a previously
treated first mandibular molar with a perforation in the distal
root. The treatment plan was discussed with the patient and
comprised the following steps: (1) surgical excision and
biopsy of the lesion for the histopathologic evaluation; (2)
endodontic retreatment of the right mandibular first molar,
with the repair of the perforating defect on the distal root;
(3) a possible postsurgical root canal treatment of the second
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(c)

(d)

F1GURE 2: (a) CBCT revealing a well-defined unilocular lesion between the second and first right mandibular molars. (b) Sagittal view showing
the expansion of the lesion toward the lingual wall and the consequent thinning of the lingual plate. (c) Axial section showing a perforation in
the distal and lingual aspects of the apical third of the distal root of the right first molar. (d) The main osteolytic lesion appears in continuity
with the perforation in the distal root of the right mandibular first molar.

molar. Surgery was performed in the maxillofacial clinic
under general anesthesia after an inferior alveolar nerve
block together with infiltration with anesthetic of the sur-
rounding tissues. A mucoperiosteal flap was raised exposing
the buccal bone, which did not present any sign of resorp-
tion or expansion. A bone window was created using a sur-
gical bur with continuous water cooling to reach the lesion
(Figure 3); the disclosed bone cavity had the size and shape
shown by CBCT and was filled with serum/blood fluid, as
seen in the ultrasound exam; thus, a temporary intraopera-
tive diagnosis of TBC was made. The fluid was evacuated,
and the walls of the lesion were carefully explored and
curetted; however, only a few specimens of tissue were col-
lectable for histopathologic examination. After the forma-
tion of the blood clot, the flap was repositioned and
sutured. Histologic examination of the tissue fragments
reported fibrosclerotic tissue with calcifications and choles-
terol clefts, extensively interested in a chronic inflammatory
infiltrate with numerous foamy histiocytes and foreign
body-like multinucleated giant cells (Figure 3). Four weeks
later, the patient was asymptomatic; however, at the postsur-
gical endodontic assessment, the second molar did not
respond to the sensitivity tests, which was due to a possible
resection of the alveolar neurovascular bundle, and a diagno-

sis of pulp necrosis was made. After informed consent was
obtained, local anesthesia was administered using mepiva-
caine 2% 1:100 000 epinephrine followed by isolation of
the teeth using a rubber dam. Root canal treatment of the
second molar was performed in 1 appointment without
complications. Two weeks later, the patient was still asymp-
tomatic, and secondary treatment was performed on the first
molar. After informed consent, local anesthesia administra-
tion, rubber dam isolation, and root canal retreatment of
the mesial canals were achieved without obstacles, while
the working length determined with the apex locator in the
distal root canal was considerably shorter than the length
of the root because of perforation, which was established
by measuring the CBCT scans. The canals were instru-
mented manually and irrigated with 5.25% NaOCl and a final
rinse of 17% EDTA solution. The apical half of the distal
canal was dried with paper points and obturated using
Ortho-MTA (BioMTA, Seoul, Republic of Korea) applied
with a carrier to seal the perforating defect, while the remain-
ing coronal half was filled with flowable gutta-percha and the
tooth restored with composite (Figure 4). Four months later,
the patient was asymptomatic, and radiographic control
showed an increase in radiopacity and trabeculae formation
in the bone (Figure 4). The patient attended the periodical
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FiGUrEe 3: (a) Intraoperative view showing the bone cavity filled with serum sanguineous fluid. (b) Gross specimens of small dimensions
collected for histopathological examination. (c) Hematoxylin-eosin histology slide containing the tissue fragments. (d) Photomicrograph
shows the lesion to be composed of fibrosclerotic tissue with calcifications and cholesterol clefts and the absence of epithelium. (e)
Histopathological section revealing the presence of a chronic inflammatory infiltrate with numerous foamy histiocytes and multinucleated

giant cells.

recall visits, and at the five-year follow-up was asymptomatic.
The radiographic examination showed complete healing of
the lesion, with remineralization of the area around and
within the perforated root. An additional CBCT examination
depicted the complete formation of the vestibular and lingual
cortical plates (Figures 4 and 5).

3. Discussion

The present report documents a case of a mandibular lesion
diagnosed as TBC accompanied by complications, such as
involvement in the field of a tooth affected by AP and an
inflammatory granuloma-like histological pattern. TBC is
described with a variety of names (simple bone cyst, hemor-
rhagic bone cyst, solitary bone cyst, extravasation cyst, and
unicameral bone cyst), suggesting a lack of complete under-
standing of its nature [9]. Indeed, several possible theories
have been formulated for its etiology and pathogenesis [6,
10-12], as reported in Table 1. The radiographic features of
a TBC are those of a unilocular, well-circumscribed, radiolu-
cent lesion with or without sclerotic margins, which may
extend between the roots of teeth that are normally vital with
the lamina dura preserved [7, 9]. Our CBCT findings were

coherent with these descriptions, except for the loss of the
lamina dura around the distal root of the first molar, a find-
ing that validated the diagnosis of AP on that tooth. Through
ultrasound real-time examination with CPD, the lesion was
visualized as cystic (transonic/anechoic well-defined cavity
with no evidence of central vascularization and a strong
peripheral power Doppler signal to indicate a layer of vascu-
lar lining in the walls of the lesion) [13], findings that were
confirmed following surgical exploration and biopsy. To
our knowledge, this is the first time a TBC was assessed by
ultrasound examination. According to the literature, during
surgical exploration, the TBC appears as a cavity that can
be either empty or filled with fluid (serum or blood), and a
small amount of fibrous connective tissue can be collected
occasionally while curetting the walls [9, 12, 14, 15]. Histo-
pathologic examination usually reveals the absence of epithe-
lial lining, presence of connective tissue, areas of vascularity
with occasional chronic inflammatory cells, and scattered
areas of new bone formation [14, 15]. In the present case,
the small fragments collected showed highly vascularized
connective tissue, confirming the echographic data. Never-
theless, the pathological analysis highlighted an inflamma-
tory transformation of the connective wall of the lesion

19



20

Case Reports in Dentistry

(b)

(c)

FIGURE 4: (a) Postoperative periapical radiograph showing root canal treatment of the second mandibular molar. (b) Four-month periapical
radiograph showing an increase in radiopacity and trabeculae formation in the area of the intervention. (c) Four-month clinical photograph.
(d) Two-year follow-up periapical radiograph. (e) Five-year follow-up periapical radiograph showing both repair of the distal root and bone

healing. (f) Clinical photograph at the five-year recall visit.

indistinguishable from that observed for an apical granu-
loma. While the cause and progression of TBC remain
unclear (Table 1), trauma is still the most important etiolog-
ical factor and must be considered in the greater varieties of
clinical situations [6, 10-12, 15]. According to this case, dif-
ferent hypotheses should be considered in the pathogenesis
of this lesion. First, the TBC and AP developed indepen-
dently; the first was due to one of the theories presented
[1-6] and the latter was due to infection of the root canal sys-
tem. The contemporary expansion of the two lesions in the
mandible and the resorption of the surrounding bone created
communication between lesions, which may have main-
tained their specificities. The second hypothesis is supported
by the first theory reported in Table 1. AP developed initially
in the first molar and during root canal treatment of the
tooth, iatrogenic perforation (trauma) generated intraoss-
eous bleeding (theory 1). According to a third hypothesis,
the low-grade, chronic infection sustained by the right man-

dibular first molar may have influenced the bone marrow in
the vicinity, which is involved in the later pathogenesis of
TBC (theory 2). A limitation of the present report relies on
the decision to treat the second molar, which was due to a
postsurgical diagnosis of pulp necrosis following cold sensi-
tivity tests. Although the testing was performed four weeks
after surgery, it is possible for the pulpal neural bundle to
await, to require more time to recover. Fortunately, upon
access to the pulp chamber, the tissues appeared ischemic,
and the clinical diagnosis was confirmed. The strength of
the present report was the multimodular assessment of the
case where the radiographs disclosed the presence of the
lesions and the previous dental treatments. The content
and the features of the TBC were evaluated with echography,
while CBCT was of paramount importance to determine the
volume and spatial relationship of the lesion with and within
the anatomical landmarks to plan the endodontic and surgi-
cal interventions and to achieve a predictable follow-up.
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(b)

(d)

(e)

FIGURE 5: Panoramic radiograph showing complete healing and absence of recurrence after five years. (b-d) Five-year CBCT examination
showing complete healing of the lesion. (c-e) The sagittal and axial views demonstrate remineralization of the area around and within the
perforated root and depict the complete formation of the vestibular and lingual cortical plates.

Furthermore, the composite treatment plan involving the 4. Conclusions

surgical access of the TBC and the endodontic retreatment

of the right mandibular first molar affected by AP resulted  The clinical significance of this case report is the presence of
in very satisfactory healing. two lesions, AP and TBC, combined in the same anatomical

21



22

Case Reports in Dentistry

Tasce 1: Etiopathogenetic theories of the TBC.

N’

Theory

Statement

1

Traumatic-hemorrhagic

Infective

A trauma can lead to intramedullary hemorrhage. Compromised vascular supply, edema, and aseptic
bone necrosis caused by the trauma lead the blood clot to liquefy. In the area, lytic enzymes are released,
and osteoclastic bone resorption is activated. The expansion of the cavity seems to be sustained by the
edema and blood extravasation.

A small, low-grade, chronic infection of bone marrow is involved in the pathogenesis

A developing tumor or lesion (i.e., hemangioma, lymphoma, fibrous-osseous dysplasia, or central giant

3 Lesion degeneration

4 Local thrombosis
5 Developmental
6 Systemic disease

cell granuloma) undergoes liquid degeneration, leaving behind an empty cavity.
A local thrombosis can generate either a local ischemia with necrosis of bone marrow and blockage
of interstitial fluid drainage leading to the formation and expansion of an intraosseous cavity.
A failure of mesenchymal tissue to form bone and cartilage occurs and instead generates immature
synovial cavities, which coalesce to form a larger connective tissue-lined defect.
An imbalance between osteoclastic and osteoblastic activity, parathyroid disease, or a peculiarity in vessel
walls or blood coagulation can predispose to the development of a TBC.

site, and such presentation has not been described before in
the literature. The management of this pathological entity
possibly was due to a multimodular assessment. In addition,
this is the first report to describe the ultrasound examination
of a combined lesion.
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The data that support the findings of this study are available
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The diagnostic use of ultrasonography in dentistry and maxillofacial surgery has previously been described in the
literature. Considering that ultrasonography may be useful for the diagnosis of bone lesions of the jaws, a systematic review
was carried out to examine the evidence. This review determined that ultrasonography has been used effectively for the
diagnosis of infective and/or inflammatory lesions, cysts, nonodontogenic tumors, odontogenic tumors, and arteriovenous
malformations and for the differential diagnosis of lesions of endodontic origin, compared with the gold standard of histologic
analysis. Ultrasonography may be a viable adjunct to other special tests for the diagnosis of intraosseous lesions of the jaws, as
it is noninvasive and does not involve ionizing radiation exposure of the patient. (Oral Surg Oral Med Oral Pathol Oral Radiol

2016;122:€19-e29)

Ultrasonography, also called real-time echography or
tomography, is an imaging technique based on the
propagation and reflection of ultrasound waves into the
tissues of the body. Since the 1950s, it has become
widely used in several fields of medicine.' Ultrasound
waves are generated through a transducer by a crystal
(i.e., quartz or composite piezoelectric material) when
an alternating electric current is applied. As a result
of the piezoelectric effect, the transducer produces
acoustic ultrasound waves oscillating at the same
frequency. When ultrasound waves encounter biologic
tissues with different densities and mechanical and
acoustic properties, a portion is deflected (reflected
and/or scattered) back to the transducer, and the
remainder of the mechanic energy is transmitted
through the tissues. The echo is the part of the
ultrasound wave that is reflected back toward the
crystal. When ultrasound waves return to the crystal,
they receive and transmit sound accordingly, with the
changes in thickness indicated by conversion of the
sound waves into electrical current and subsequently
into gray-scale images on a computer screen. Early
ultrasonography used a single crystal to create a one-
dimensional image called “A mode” (amplitude
mode), with the echo amplitude being displayed verti-
cally and the echo time of flight being displayed hori-
zontally. The standard screen image currently generated
by ultrasound machines is called “B mode” (brightness
mode), with electrical energy transformed into a light
spot using a gray-scale on a monitor. The
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ultrasonographic image seen on the monitor is produced
by means of the automatic movement of the crystal over
the tissues examined, producing a scan line that is used
to create an image or frame. In the B mode, the real-
time image is refreshed many times per second (with
modern tools at least 16 scans per second) to produce a
moving image on the screen. Moving the ultrasono-
graphic probe over the area of interest changes the
anatomic plane and thus provides a real-time three-
dimensional impression of the space. An indicator on
the probe is used to guide the user in determining the
orientation of the plane on the screen. The operator uses
the controls available on the console to optimize the
system operation for different anatomic targets.”

The frequency of diagnostic ultrasound is in MHz,
with lower-frequency ultrasound waves having better
penetration but at a lower resolution, and higher-
frequency ultrasound waves producing images with a
higher quality resolution at the expense of penetration
into deep structures.”

The examined tissues can be echogenic (i.e., they
generate echoes) or anechoic or transonic (i.e., they do
not generate echoes because no reflection occurs within
those tissues). Echogenic tissues can be defined as
hyperechoic (appearing as brighter features in the image)
when a strong reflection occurs at the interfaces of
organs and tissues. For example, tissue—bone interfaces
produce a strong reflection that will be intact if the bone

Statement of Clinical Relevance

This systematic review presents possible clinical
applications of ultrasonography in the diagnosis of
intraosseous lesions of the jaws. The analysis of the
literature confirms its role in the differential
diagnosis between lesions of various natures.



structure has not been partially altered by a pathologic
process. Echogenic tissues are hypoechoic when the
tissue interface reflection has a low intensity. Weaker
echoes are also produced by the scattering effect from
small scale features within tissues. Fluid-filled cavities
are normally anechoic. Areas with the same acoustic
properties of the surrounding tissues are isoechoic.”’

Ultrasonographic examination can be enhanced with
a Doppler system, which employs the Doppler effect to
perform a detailed study of the perfusion of the tissues,
producing a real-time two-dimensional image of
vascularity as a color-overlay on a B-mode image. Two
types of Doppler imaging are available: color-Doppler
and power-Doppler imaging. Color-Doppler imaging
provides information on the mean velocity of blood
cells at a given time, producing images on a color scale,
typically using red to indicate the flow toward the
transducer and blue for the flow away from the trans-
ducer. Low-flow velocities are displayed as dark shades
of red or blue, whereas high-flow velocities are
displayed as lighter shades, according to a velocity
scale. Power-Doppler imaging is a measure of the
number of moving cells in the sample volume and has a
greater sensitivity to depict flow in small vessels.” "

Dentistry and maxillofacial surgery are strongly
reliant on radiographic examination, primarily to obtain
a diagnosis and subsequently to provide adequate
information for treatment planning and follow-up of
lesions in the jaw. However, conventional radiologic
examinations, including computed tomography, espe-
cially if not used in conjunction with contrast media,
provide clinicians with limited information on the
content and vascular supply of lesions while exposing
patients to ionizing radiation. In contrast, in addition to
being a safe imaging technique, since ultrasonography
does not use ionizing radiation,”'" it can provide
information about the size, tissue characteristics, and
vascularity of bone lesions. This aspect of ultrasonog-
raphy seems to play a major role in the development of
a preliminary differential diagnosis of bone defects of
pathologic origin in the jaw.'”'® This becomes more
important when the lesions are not easily or rapidly
accessible. Nevertheless, to date, ultrasonography has
not become a standard examination of choice in
dentistry and maxillofacial surgery.

No systematic review has been previously performed
on this topic. Although two narrative review papers
have been published previously,'™'® neither focused
specifically on the potential for ultrasonography in the
diagnosis of intraosseus lesions. The aim of this
systematic review is to analyze the efficacy of ultraso-
nography for the differential diagnosis of lesions in the
jaw, using histopathology evaluation as the gold stan-
dard reference, to define the potential of this tool for
oral and maxillofacial regions.

MATERIALS AND METHODS

A systematic review was conducted following the
principles of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
statement' " and the Institute of Medicine’s guidelines.
The PICO (P: Patient, I: Ultrasonography, C:
Histology, O: Diagnosis) question generated for the
present study to guide the systematic review was: “In
patients with jaw bone lesions, how closely can
ultrasonography generate a diagnosis compared with
histology?”

Search strategy

For the present study, the following electronic databases
were used for the systematic research: PubMed’s Med-
line, Scopus, EMBASE, BIOSIS Citation Index. The
keywords “ultrasonography,” “ultrasound,” “bone,”
“lesions,” “periapical,” “cyst,” “tumour,” “jaw,”
“mandible,” and “maxilla” were used for the
research, according to the following research algorithm:
{ (Ultrasonography\Ultrasound) +[( Bone + Lesions +
Diagnosis) OR (Cyst+Tumour)] + (Jaw\Mandible\
Maxilla)] OR [(Periapical 4 Lesions)]}. The research
algorithm generated the electronic research syntaxes
that were applied to each database. The papers to be
examined were collected from July 28, 2015, to
August 10, 2015. Textbooks, review articles, and the
references listed in papers included in the research were
screened as additional sources to obtain a more complete
report.

Two of the authors (D.M. and G.R.F.) independently
evaluated the records obtained through the electronic
search to remove duplicates and screen the records for
eligibility according to inclusion and exclusion criteria.
Possible contingent discrepancies were solved through
discussion with a third author (E.C.) and consensus.
Articles were included in the systematic review if they
met the following inclusion criteria: articles in English
without limits concerning the date of publication;
clinical trials or reports performed in vivo in humans,
using ultrasonography as a diagnostic tool; and papers
that included the investigation of intraosseous lesions
of the jaws and a histopathologic report or diagnosis of
the lesion screened. Research articles in other
languages, studies performed in animals or in vitro, and
studies without a histopathologic report or diagnosis of
the lesions detected with ultrasonography were
excluded.

The following information was extracted for each
study using a data collection sheet: author, year of
publication, paper, sample size, study design, ultraso-
nography results, histology analysis, outcome of the
study, and statistical analysis. In articles with some of
the data not published, we requested the information
from the corresponding author.
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Quality assessment of the studies

Two authors (D.M. and G.R.F.) investigated the quality
of the eligible studies. For the present systematic
review, case series and case reports were included. Case
series and case reports are considered low in the hier-
archy of evidence; however, as far as new topics in
medicine are concerned, they can be considered
powerful contributions to the literature if the authors
had reported the objectives and inherent limitations of
their studies.'”

The critical appraisal for case reports was assessed by
using the CAse REports (CARE) guidelines checklist.'”’
A scoring system was established, and papers with
scores of 4 or less were classified as having low-level
information quality, papers with scores of 4 to 8 were
classified as having moderate-level information quality,
and papers with scores of 8 or greater were classified as
having high-level information quality.

Quality appraisal of the case series was performed by
evaluating directness of evidence (DE) and risk of bias
(RB). DE was calculated by considering the following:
number of lesions, anatomic site, ultrasonography,
histology, and outcome. A scoring system was estab-
lished: DE was considered low when the score was 2 or
less, moderate when the score was 2 to 4, and high
when the score was 4 or greater. RB was calculated by
using the Cochrane Collaboration’s tool, modified
according to the needs of this systematic review. Papers
with scores of 2 or less were considered as having low
RB, papers with scores of 2 to 4 were considered as
having moderate RB, papers with score 4 or greater
were considered as having high RB.

A qualitative synthesis of the results was performed,
and statistical analysis or meta-analysis was performed
if the study design of the papers was considered
homogeneous and data were available for statistical
analysis.

RESULTS

A total of 704 records were identified through
electronic searches (503 from PubMed’s MEDLINE, 59
from Scopus, 116 from Embase, and 26 from BIOSIS
citation index). The titles were screened by the authors
to remove duplicates; 504 duplicates were removed,
and the resulting 197 abstract records were evaluated by
two of the authors (D.M. and G.R.F.) to select the full-
text articles for eligibility. According to exclusion
criteria, 133 were excluded; 64 full-text papers were
assessed for eligibility, and a total of 41 were elimi-
nated. An additional paper was rejected because of an
unexplained duplicated image from a previously pub-
lished study. According to the inclusion criteria, 22 full-
text articles were included for the qualitative synthesis.
The references of the articles selected were

cross-screened, and five relevant full-text articles were
identified and included for qualitative synthesis. Text-
book searches were performed, but they produced no
results. Data were extracted by two of the authors
independently (D.M. and G.R.F.), according to a data
extraction sheet prepared previously and discussed.
Missing data were requested from the authors of the
articles reviewed, and unreported raw data were
calculated by the authors. The papers revealed hetero-
geneity in terms of the design of the study, protocol of
the ultrasound examination, assessment of the lesion,
and statistic data. They were then divided into the three
main groups presented in the tables.

Quality assessment of the studies

Quality of information in case reports was scored ac-
cording to the CARE guidelines and using the CARE
checklist. One paper showed low-level information
quality, four papers showed moderate-level information
quality, and seven papers showed high-level informa-
tion quality.

Quality appraisal of the case series was carried out
using DE and RB assessments. Six studies showed high
DE, six others showed moderate DE, and three studies
showed low DE. Eleven studies showed low RB, three
studies showed moderate RB, and only one study
showed high RB. Despite the presence of studies with
low DE and studies with moderate to high RB, the
majority of the studies showed low RB and high to
moderate DE.

The literature contains very few reports on the
ultrasonographic study of bone lesions and, for the most
part, consists of case reports and case series. For this
reason, all 15 case series and 11 case reports that
satisfied the inclusion and exclusion criteria were
included in the review to provide the best available and
inclusive evidence.

Systematic results

The clinical trials attempting a differential diagnosis in
cases of apical periodontitis showed homogeneity in the
aim, study design, and in both ultrasonography and
histology protocols (i.e., differential diagnoses in cases
of apical periodontitis). The amount of raw data and
elaborate statistical data made it possible to evaluate
sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), and accuracy for all
endodontic studies, which are shown in Table 1. The
study by Cotti et al.”’ is a case report, which fulfills
the criteria for inclusion in the apical periodontitis
case series. In all of the studies, information about the
sample size and the frequency (MHz) used for the
ultrasound examination were reported, and in general,
the ultrasonic probes were used with low frequency.
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Table Il. Data summary of case reports of lesions of different nature (in chronologic order)

Sample
Author Gender Age (n)

Frequency
Location MHz

Correlation berween
ultrasonography and

Histology

Ultrasonography features

histology

Okitaet al., 1991 M 20 ]
Ng et al., 2001 M 23 1

Maxilla -/-
Mandible 5-10

Roic et al., 2003™ M 9,11 2  Mandible i

Bialek et al., 2004 F 17,60 2 Mandible 7.5

Oliveira et al., 2009” F 11 1
Friedrich et al., 2010 M 23 1

Mandible -/-
Mandible -I-

Bronoosh et al., 2011°° M 23 4 Maxilla/ -/-

mandible
Sumer et al., 2012" F 30 1 Mandible -/-

Sheikh et al., 20127 M 20 I Mandible 9.6

Shailaja et al., 2012"" F 18 1 Mandible -/-

Shaidi et al., 2012" M 24 1 Mandible 5-13

Dentigerous cyst
Osteosarcoma

1 ABC
1 CGCG

Cyst -/

Chondrosarcoma
AOT

3 KCOT
parakeratinized

1 KCOT
orthokeratinized

KCOT

Homogeneous cystic area

Bone thinning and erosion of
buccal cortex with 907
bone spicules (sun—burst
appearance) associated
with a soft tissue mass

ABC: Complex mass
containing anechoic areas
separated by fibrous tissue

CGCG: Expansive soft-tissue
mass

Mandible body widened

Anechoic polycyclic mass
distorting the shape of
mandible, posterior
enhancement and no blood
vessels

Solid content

Fluid-filled bony cavity with
tooth crown inside

3 Well-defined hypoechoic
with no CPD signal

I well defined with mixed
echogenicity no CPD
signal

IlI-defined dens cystic content

+
+

TBC osteomyelitis

AVM

Mesenchymal

with no internal vascularity
Generally described as an .
irregular suppurative lesion
with erosion of bone
Large draining veins and +
fistulous communications
with arteriovenous shunts
with mixing blood and high
velocity of 320 cm/s
Soft tissue mass, expansion +
and erosion of the buccal
cortex, new bone formation
in perpendicular spicules
with sun-ray appearance.

chondrosarcoma

-/~ data absent or not specified.
+ positive correlation according to the author.
— negative correlation according with the author.

ABC, Aneurismal bone cyst; AOT, adenomatoid odontogenic tumor; AVM, arteriovenous malformation; CGCG, central giant cell granuloma;

KCOT, keratocystic odontogenic tumor; TBC, tuberculosis.

investigations. Not all lesions were supported by
sufficient descriptive data, and only the lesions with a
qualitative description of the ultrasonographic findings
are shown in the table.

DISCUSSION

The results of our systematic review of the literature

have shown promising outcomes with regard to intra-

osseous lesions of the jaws. Information in the studies

regarding soft tissue was not included in the review.
The endodontic studies that investigated apical peri-

odontitis exhibited high diagnostic scores through

statistic elaboration in terms of sensitivity, specificity,
PPV, NPV, and accuracy. These studies shared a
common study design and presented either raw data or
statistical indices. In all these studies, ultrasonographic
examination was able to detect apical periodontitis in all
the cases. The pilot study by Cotti et al.” proposed the
original protocol and laid the groundwork for following
studies. A cystic lesion was described as a “transonic or
hypoechoic lesion with well-defined boundaries and no
evidence of internal vascularity on colour power-
Doppler (CPD),” whereas an apical granuloma as a
“poorly defined echogenic area with a rich vascular
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Table IV. Presentation of the common features of lesions reported in literature as described with ultrasonography

Lesion No. of lesions

US features Studies

Suppurative lesions (abscess (n = 13)
and infected cyst)

Often described as anechoic to hypoechoic area that can be
homogenous or with both anechoic and hypoechoic areas,

28, 47-49

irregular shape and boundaries and no evidence of internal

vascularity on CPD

Osteomyelitis n=1) Generally described as an irregular suppurative lesion with 39
erosion of bone
Periapical granuloma (n = 51) Often described a frankly echogenic area (which can contain 20-28, 46
both hypoechoic and hyperechoic areas) with poorly defined
boundaries and a rich vascular supply on CPD
Combined lesion (n=25) Described as mixed lesions with echogenic and anechoic areas 23,22
and showing vascularity in some areas (most in periphery) on
CPD
Intraosseus cyst no otherwise (n=23) Commonly described as an anechoic area, with homogenous 47, 48
specified internal pattern, round shape, very clear boundaries and
enhanced posterior echoes
Odontogenic calcifying cyst (n=2) Described as a mixed lesion showing both solid and cystic areas 44
Dentigerous cyst (n=12) Some described as anechoic area with focal hyperechogenicity 44, 46, 47, 49
attributed by some authors to the crown of a tooth
Periapical cyst (n = 89) Often described as anechoic to hypoechoic area with well- 20-26, 28, 44, 46, 47-49
defined reinforced boundaries and no sign of internal
vascularity on CPD
Residual cyst (n=13) Some described it as an anechoic, or anechoic and hypoechoic 46
area
Keratocystic odontogenic (n=17) Often described as an hypoechoic area with a dens content and 44, 46, 47, 49
tumor no evidence of internal vascularity on CPD
Ossifying fibroma (n=29) Described as a solid echogenic mass 44
Central giant cell granuloma (n=4) Described as a solid echogenic mass 44, 49
Neuroblastoma n=1) Described as a solid echogenic mass 44
Ameloblastoma (n = 48) Described a s an heterogenic lesion with hyperechoic, 38,44, 47, 49
hypoechoic and anechoic areas, variable boundaries and in
some cases internal compartments and from minimal to
abundant color Doppler signal
Arteriovenous malformations * n=1) Described as a lesion containing arteriovenous shunts with 40
mixing blood and high velocity flow on CPD
Ewing’s sarcoma m=1) Described as a complex echo texture, heterogeneous internal 49
echo pattern and irregular boundaries
Osteosarcoma n=1) Described as a hyperechoic to anechoic lesion with 47
heterogeneous internal echoes with irregular shape and
boundaries with thinning, expansion and sun ray appearance
of the surrounding bone
Chondrosarcoma n=1) Described as an echogenic solid area with erosion and 43

expansion of the cortex, new bone formation in hyperechoic
perpendicular spicules with sun-ray appearance.

CPD, Color power Doppler.

*These lesions are described only in the case reports (CR) presented in Table IL.

supply on CPD.” The original pilot study did not
include the so-called mixed lesions (i.e., lesions with a
mixed ecographic pattern between a cyst and a granu-
loma); nevertheless, the follow-on study™ identified
two apical lesions with a more complex
ultrasonographic pattern (in gray-scale and CPD) than
the ultrasonographic extremes of the apical cyst and
granuloma. They diagnosed a periapical cystic lesion
containing a dense material within the lumen, which
histopathology proved to be a periapical cyst with
mucus-secreting goblet cells, and a combined lesion
resulted in a granuloma-containing a cyst. The same
authors confirmed these findings in a further study.™ In

the study by Gundappa et al.,”® mixed lesions were
integrated in the ultrasonographic protocol and
defined as lesions with either hypoechoic or anechoic
areas with vascularity in some areas. Using this
protocol, four apical cysts, seven apical granulomas,
and a combined lesion were detected and diagnosed
through  ultrasonography and confirmed  with
histopathology. Three lesions showed mixed
echogenicity with internal scattering echoes and no
evidence of internal vascularity, suggestive of a
suppurative process; these lesions were diagnosed and
confirmed as infected cysts. In two cases in the same
study, ultrasonography was able to detect and trace



sinus tracts. Further studies added new data and
confirmed the previous findings, with 100% score in
sensitivity, specificity, and accuracy and a score of
1.00 in PPV and NPV compared with the gold
standard,21:22:24.25.2728

Three studies did not reach the 100% score; however,
they showed higher accuracy than other studies
employing cone beam computed tomography in the
differential diagnosis of apical periodontitis, in which
patients are exposed to ionizing radiations.”” In the study
by Goel et al.,”" a lesion was misdiagnosed, but the
author explained that the possible reason for the
misdiagnosis could have been an error that occurred
during the processing of the lesion, either during
surgery or the histologic preparation of the sample.
Raghav et al.” reported a high accuracy score of
95.2%; however, they did not explain the
misdiagnosed case. The study from Prince et al.””
showed the lowest accuracy (86.7%), but a reason for
this value could be found in the paper itself: A lesion
appearing as solid in gray scale was diagnosed as a
granuloma, even though there was lack of internal
vascularity on CPD, which is highly suggestive of an
apical cyst. The solid appearance can be explained by
the possibility that occasionally cysts containing debris,
cholesterol clefts, and keratin might appear as
echogenic in gray scale. In endodontic lesions,
differential diagnosis between a cystic lesion and a
granuloma can be of assistance when deciding between
root canal and surgical management; however,
ultrasonography is unable to discriminate between true
cysts and pocket cysts, as described by Nair.™"'

The evidence available with regard to lesions of the
jaws in general was not as robust as for apical peri-
odontitis. Eleven case reports and seven case series
were included in the systematic review for the latter.
Since it was not possible to carry out a numeric analysis
of the studies, a correlation between the diagnoses made
on the basis of ultrasonography and the definitive
histopathologic report was examined. All papers
analyzed reported a positive correlation and positive
clinical value of ultrasonography in detecting lesions in
the bone.

When examining case reports, cystic lesions were
detected and diagnosed using ultrasonography in two
studies,””" whereas in one of the studies™ the cystic
lesions were incidental findings, suggesting the high
sensitivity of this technique and that the technique can
occasionally be the first tool that reveals unsuspected
lesions in the jaws. Further examples of incidental
findings are an aneurysmal bone cyst and a central
giant cell granuloma discovered while investigating
preauricolar swellings in children, as reported by Roic
et al.”" One case showed an adenomatoid odontogenic
tumor associated with an impacted lower canine, and

the authors suggested that during ultrasonography, the
tip of the crown was visualized as being surrounded
by a fluid-filled cavity. However, in this study CPD
was not applied to assess the vascularity of the lesion.”
Two studies investigating keratocystic odontogenic
tumors ([KCOT] formerly odontogenic keratocyst)
had inconsistent findings regarding the boundaries of
this lesion; in one of them ill-defined borders were
reported, whereas well-defined contours were described
in the other study.”*"’ We can speculate that KCOT
contours can be different because of the increased or
reduced aggressive behaviors of the lesion, as
suggested by Lu et al."® A study reported a case of
mandibular osteomyelitis resulting from tuberculosis
infection, in which chest radiography, the Mantoux
test, and staining of acid-fast bacilli were negative,
and the echographic finding was highly suggestive of
an intraosseous suppurative process.”

Radiographic appearance of vascular malformations
can be confused with other lesions, with subsequent
intraoperative surgical risks. One of the studies detected
an unusual vascular condition and measured high-flow
speed with CPD to differentiate lymphatic, venous,
and arteriovenous malformations with success."’ Three
case reports'' " reported malignancies, which were
then confirmed by histopathology. In two of them,"" "’
the signs of malignancy, such as bone destruction and
pathologic calcifications of bone spicules with the
pathognomonic sun-ray appearance, were detected by
ultrasonography.

Furthermore, the present systematic review included
seven case series investigating lesions of various na-
tures in the jaws.*""™*’ Unfortunately, the heteroge-
neity of these studies impeded a quantitative summary
of the findings. A pilot study by Dib et al.** concluded
that the use of ultrasonography should be recommended
as a complementary routine for the diagnosis of lesions
in the jaws and as guide for biopsies in mixed lesions.
Seven of 72 lesions in this study could not be detected
with ultrasonography because some small lesions may
be surrounded by a thick cortical bone plate acting as
a barrier to ultrasound waves. Ultrasonographically
inconclusive cases included lesions containing
mineralized tissue, such as ossifying fibroma or
dentigerous cysts, which could also act as a barrier to
ultrasound waves passing through the tissue. Twenty-
eight lesions considered hyperechoic (but less
echogenic if compared with the surrounding bone) were
diagnosed as solid tumors, and 24 of them were
confirmed histologically as ossifying fibroma, amelo-
blastoma, central giant cell granuloma, or neuroblas-
toma. Seventeen transonic or anechoic lesions were
diagnosed as cysts with liquid content, and all of them
were confirmed histologically as periapical cyst or
dentigerous cysts. The 13 mixed lesions diagnosed as
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tumors presenting either solid or cystic contents were
all histologically described as ameloblastomas or
odontogenic calcifying cysts. Seven lesions with dense
liquid content were diagnosed and confirmed as
KCOTs. In this study, 61 of the ultrasonographic
diagnosis matched the histologic report (93.8% of
accuracy). In four cases, the ultrasonography results did
not match those of histology: Two lesions considered
solid were diagnosed histologically as infected cysts,
probably as a result of the presence of a thick and
inflamed capsule and a sinus tract. The remaining two
lesions, finally confirmed to be KCOTs, mimicked a
solid lesion, likely because of the internal keratin. The
use of CPD in the latter four cases would likely have
been useful in the differential diagnosis by revealing the
lack of internal vascularity in the cystic lesions.

A subsequent similar study added the use of CPD to the
gray-scale imaging evaluation and divided the lesions into
four categories. In this study, three of 22 lesions could not
be detected and were therefore defined as “inconclusive,”
with 18 of 19 lesions detected were confirmed histologi-
cally (94.7% accuracy). Five anechoic lesions, with or
without limited internal echoes and no evidence of
internal vascularity, were histologically confirmed as
cysts. Three lesions containing dense internal echoes and
no evidence of internal vascularity were diagnosed and
confirmed as KCOTs." An important fact of this study is
that six cystic lesions were described as semisolid in the
gray scale and showed no evidence of internal
vascularity. Five lesions that showed solid appearance
and internal vascularity on CPD were diagnosed as
apical granulomas, although histology reported one of
them as being a cyst. The authors explained that the
apical cyst was characterized by a thick capsule
presenting histologic signs of chronic and active
inflammation; however, according to Cotti” and
Gundappa,”® this lesion should have been diagnosed as
a combined lesion instead. We should emphasize that
only few studies specified in detail the procedure for
processing biopsy samples, considering that an accurate
diagnosis of apical cyst is possible only through serial
sectioning or step serial sectioning of the lesions
removed in toto.”""'

Three studies evaluated head and neck swellings
presenting in hard or soft tissues, with lesions classified
according to their shape, contours, echo intensity,
internal architecture, and vascularity assessed through
CPD.""" In these studies, ultrasonography was used to
diagnose abscesses, with diagnosis confirmed histo-
logically in 12 out of 15 lesions, whereas 29 cystic
lesions were correctly diagnosed out of 30 lesions."’ "’
Other types of bone lesions found included malig-
nancies,’”"” benign odontogenic tumors, which were
histologically diagnosed as ameloblastomas,’”"” and a
central giant cell granuloma,"”

Ultrasonography has several advantages over
conventional radiography in the study of unilocular
lesions of the jaws, where similar radiographic pattern
can affect the differential diagnosis. Chandak et al.*
found relatively high sensitivity and specificity when
comparing ultrasonographic findings with those of
histology, with a statistically significant association in
the differential diagnosis of head and neck lesions
overall. This was confirmed by two other studies,
which found a significant association between
ultrasonographic examination and histologic diagnosis
with values of contingency."” "’

Similarly, ultrasonography has been used to detect
and diagnose lesions and to establish resection margins
intraoperatively, with the application of CPD being
discussed in a retrospective case series regarding
vascular malformations. "’

The potential of ultrasonography in detecting the risk
of aggressive lesion behavior and to evaluate the solid or
cystic nature ameloblastomatous lesions has been
explored. Ultrasonography was able to detect the lesions
in all 19 cases evaluated, with 100% sensitivity and 94%
specificity in predicting the active proliferation of the
tumor using color Doppler. Lesions with active prolif-
eration showed an abundant flow signal. Also, the
boundaries were evaluated to predict tumor proliferation,
with lesions with unclear or partially unclear contours
revealing an aggressive behavior according to histopa-
thology. This particular assessment presented with a
sensitivity of 100% and a specificity of 88%." These
findings have clinical importance, since only aggressive
lesions should be treated with osseous resection.

Although the results of this review seem to be very
promising, it should be kept in mind that it is not
possible that every clinical case or every element of a
study is reported and that studies involving a diagnostic
technique are likely to be affected by publication bias. It
has been demonstrated that studies presenting positive
results are more likely to be published and are
published in journals with a higher impact factor than in
those exhibiting null results.”""!

CONCLUSIONS

The results of this systematic review demonstrate the
value of ultrasonography for the evaluation of the nature
of intraosseous lesions in the jaws, in particular for the
differential diagnosis between apical cysts and granu-
lomas. Therefore, ultrasonography should be considered
an additional imaging technique in routine dentistry and
maxillofacial surgery when a diagnostic problem arises.
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Abstract

Objectives The purpose of this study was to assess the possi-
bility to detect early vascular changes in apical periodontitis
(AP) using ultrasound examination with color power Doppler
(US-CPD) and to establish a correlation between the early
response of AP to treatment and its potential healing.
Materials and methods Twenty-one apical lesions were visu-
alized with US-CPD before endodontic treatment, 1 week af-
ter the first access to endodontic system and 4 weeks after root
canal obturation. A differential diagnosis between cystic le-
sions (CLs) and granulomatous lesions (GLs) was attempted.
The vascular modifications were then correlated with long-
term radiographic follow-up using Fisher’s exact test.
Results The decrease or disappearance of vascular flow ob-
served in AP 4 weeks after root canal obturation was signifi-
cantly related to a healing trend (p = 0.0206) of the lesions.
Combining the data with preoperative US-CPD diagnosis
showed a reproducibility for GLs only (p = 0.0022).
Conclusions This study showed the possibility to detect early
vascular changes in AP using US-CPD, correlating them with
a healing trend after endodontic treatment. Future investiga-
tions should be conducted and more attention should be ded-
icated to the potential of this alternative and biologically safe
imaging technique.
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Clinical relevance US-CPD in endodontics may be a helpful
tool to identify healing processes after endodontic treatment
and to understand the behavior of different forms of AP.

Keywords Apical periodontitis - Ultrasound examination -
Color power Doppler - Healing

Introduction

Ultrasound examination (echography) has been used in med-
icine for more than 50 years and is considered a reliable, cost-
effective, and safe imaging technique [1-3]. When ultrasound
(US) waves produced by a probe encounter biological tissues
with different mechanical and acoustic properties, part of the
energy is transmitted through the tissues, while part of it is
reflected back to the transducer (i.e., an echo). Ultrasound
waves are then converted into electric current and gray-scale
images on a screen. The images are renewed many times per
second to produce a moving image on the screen [1, 4]. US
examination is enhanced with Doppler systems, which use the
Doppler effect to obtain a real-time two-dimensional image of
vascularity of the examined tissue as a color overlay on a B-
mode image. Two types of Doppler imaging are considered
here: color Doppler (CD) and power Doppler (PD). CD rep-
resents the mean velocity of blood cells at a given time on a
color scale, where red and blue are commonly used to indicate
flow toward and away from the transducer, respectively. Low
velocities are displayed as dark hues, whereas high velocities
are displayed as lighter shades of color. PD is a measure of the
amount of moving blood cells in the sample volume, and it has
a higher sensitivity than CD for depicting flow in small vessels
[5, 6].

Dentistry is strongly dependent on imaging systems, and
US examination has been used previously in endodontics with



success for facilitating the differential diagnosis of apical peri-
odontitis (AP) [7-10]. A recent systematic review concluded
that ultrasounds with color power Doppler (US-CPD) had
high scores of sensitivity, specificity, positive predictive value,
negative predictive value, and accuracy in the differential di-
agnosis of AP when compared to the histopathologic analysis
[11]. Few studies have used US-CPD to evaluate long-term
changes in vascularity in periapical tissues following non-
surgical [12, 13] and surgical [ 14] endodontic treatment of AP.

The results from a pilot study [15] have demonstrated that
in cases of AP, US-CPD can be used to identify early changes
in vascularity of the lesions following endodontic treatment.
The purpose of this preliminary report was to evaluate the
effectiveness of US-CPD in detecting the presence of early
changes in the vascular supply of periapical tissues and predict
the outcome of endodontic treatment. The rationale was that
variations in vascularity within and/or around AP following
endodontic treatment would represent changes in the inflam-
matory response of the periapical tissues and could be
interpreted as a trend for the healing response.

Materials and methods

Nineteen healthy patients with a non-contributory medical
history (8 males and 11 females, with an average age of
38.9 years) and a total of 21 apical lesions were selected
among the patients who had been referred to an endodon-
tic office for the treatment of AP in the last 7 years. The
inclusion criteria were as follows: (1) healthy patients
(without systemic conditions), (2) age between 20 and
70 years, (3) taking no medication, (4) the presence of
at least one tooth with AP, and (5) willingness to partic-
ipate in the study. Patients who agreed to participate in the
study were asked to sign an informed consent. The exclu-
sion criteria were the following: (1) patients with systemic
diseases, (2) patients who did not fit in the age category,
(3) patients taking medications, (4) teeth with fractured
roots or periodontal disease, and (5) patients who did
not agree to participate in the study. A total of 26 teeth
were included in the protocol. All the patients selected
were diagnosed with chronic AP in one or more teeth, at
the first visit, based on radiographic features of AP and
negative responses to both the CO, pulp sensitivity test
and the electric pulp test. Some of the cases exhibited a
sinus tract [16-18]. Periodontal status was assessed fol-
lowing the Ramfjord periodontal index [19] using a cali-
brated periodontal probe on the affected teeth to exclude
the presence of vertical root fractures or periodontal dis-
ease. The treatment plan involved primary orthograde root
canal treatment (PRCT) on 10 teeth, orthograde secondary
root canal treatment (SRCT) on 12 teeth, and surgical
endodontic treatment of 4 teeth.

Clinical protocol
The clinical protocol was designed as follows:

a. PRCT and SRCT on 22 teeth to be completed in two
appointments

b. Radiographic assessment: (1) preoperative, (2) intraoper-
ative, (3) postoperative; (4) 6 months postoperative, (5)
| year after treatment, and (6) once a year following the 1-
year follow-up

¢. Three US-CPD examinations: (1) before treatment
(preoperative); (2) 1 week after root canal debriding,
cleansing, and disinfecting (interoperative); and (3)
4 weeks after completion of the root canal treatment
(postoperative)

Radiographs

Preoperative, intraoperative, and postoperative periapical radio-
graphs were obtained for each patient using either traditional or
digital devices for the parallel technique. Traditional radio-
graphs were acquired using F-speed films (Insight, Eastman-
Kodak Co., Rochester, NY, USA). Digital radiographs were
acquired with a CMOS system (Snapshot, Instrumentarium
Dental, and Tuusula, Finland) and processed with software to
adjust the brightness and the contrast. The radiographs were
taken with the vertical, long axis of the affected tooth fixed
perpendicularly to the central ray and parallel to the sensor
and film at a 40-cm focal spot-to-object distance. The geomet-
ric alignment between the sensor or film and the tooth was
standardized using a fixing device. The dental X-ray unit
(Kodak 2200, Carestream, and Rochester, NY, USA) operated
at 70 kVp and 10 mA. The exposure time was 0.08 ms for the
digital images and 0.320 ms for the F-speed film. Cone beam
computed tomography (CBCT) was not performed in all the
patients due to the absence of insurance benefits and the poten-
tial risks of the examination outweighing the value of such an
examination in these cases [20].

Ultrasound examination

US examination was performed by an expert sonologist using
either a Siemens Elegra (Siemens, Erlangen, Germany) or a
Toshiba Aplio XG (Toshiba Medical Systems, Crawley, UK)
apparatus with regular and small-size, linear, high-definition,
multi-frequency US probes. The first and second probes were
used at a frequency of 7 to 9 and 8 to 12 MHz, respectively.
After the application of an echographic gel, the probe was
placed both extra-orally on the skin of the upper and lower
jaw and intra-orally in the area of the alveolar mucosa, corre-
sponding to the roots of the involved tooth. The position of the
probe was changed several times to obtain an adequate number
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of scans to define the bony defect. The CPD was applied to the
gray-scale images to assess the presence, amount, and features
of the vascular supply of each lesion (e.g., intra-lesional and/or
peri-lesional vascularity). A tentative differential diagnosis be-
tween granulomatous lesions (GLs) and cystic lesions (CLs)
was made by a trained sonologist and an expert endodontist
during the preoperative examination according to the criteria
described in the literature (7). All patients underwent two more
US-CPD examinations 1 week following root canal debriding,
cleansing, and disinfecting (interoperative) and 4 weeks after
completion of the root canal treatment (postoperative).

Orthograde PRCT or SRCT

In 17 patients and 22 teeth, PRCT or SRCT was performed in
two visits. The procedure of the first appointment consisted of
the administration of local anesthesia, isolation with a rubber
dam, caries removal, and opening of the access cavity/
disassembly of the restoration; the working length of the root
canals was determined with an apex locator (Root-ZX, J. Morita
Corp., Osaka, Japan) and confirmed by periapical radiographs.
The shaping of the root canal space was performed using man-
ually operated instruments. K-Flex files (K-Flex Files, Kerr
Corp., Orange, CA, USA) no. 08 to no. 20 were used for scout-
ing and preflaring, and nickel titanium rotary instruments
(EndoWave, J. Morita Corp., Osaka, Japan) were used for shap-
ing and apical preparation. In retreatment cases, the previous root
canal filling was removed using Gates Glidden drills no. 1-3 and
hand files with the complement of a solvent (Endosolv E,
Septodont, Paris, France). Copious irrigation was performed
with 5% sodium hypochlorite during and after the use of instru-
mentation. Teeth were temporarily restored with Cavit (3 M
ESPE, St. Paul, MN, USA), and the patients were scheduled
for a second visit approximately 1 week later. An intraoperative
US-CPD examination of each patient was performed before the
second appointment to evaluate changes in the peripheral and/or
internal vascularization of the lesion. At the second appointment,
after re-accessing the tooth as previously described, the root
canals were checked for apical preparation, rinsed with sodium
hypochlorite 5%, alternated to 17% ethylene diamine tetra acetic
acid (EDTA; Ogna Lab Srl, Muggio, Milano, Italy), dried, and
filled with gutta-percha cones and AH Plus sealer (Dentsply
DeTrey, Konstanz, Germany) using the warm vertical compac-
tion technique. Teeth were then restored with composite resin
and adhesive systems. At the 4-week recall visit, the third and
last US-CPD examination was performed.

Surgical protocol
The surgical protocol was designed as follows:

a. Surgical endodontic treatment was performed on two pa-
tients and four teeth

b. Radiographic assessment: (1) preoperative, (2) postoper-
ative, (3) 6 months and 1 year after treatment, and (4) once
a year following the first 1-year follow-up

¢. Three US-CPD examinations: (1) before treatment (pre-
operative), (2) 1 week after surgical procedure (interoper-
ative), and (3) 4 weeks after sofi-tissue healing completion
and suture removal (postoperative)

Endodontic surgery

On two patients and four teeth, endodontic surgery was
performed according to the protocol by Kim and
Kratchman [21]. After local anesthesia with 2%
mepivacaine with 1:100,000 epinephrine, a periodontal
flap was clevated. The diseased apical root ends were
accessed through osteotomy using a surgical round bur
with continuous water irrigation, and the apical lesions
were curetted and fixed in an aqueous solution of 10%
neutral formalin for routine histopathological analysis.
Root-end resections of 3 mm were then performed with
an angle as perpendicular as possible to the long axis of
each tooth, and approximately 3-mm root-end cavities
were prepared using ultrasonic tips and continuous irriga-
tion. The root ends were filled using MTA (ProoRoot
MTA, DENTSPLY Tulsa dental, Tulsa, OK, USA), and
the flaps were repositioned and sutured. The second US-
CPD examination was performed at the appointment for
suture removal (1 week after surgery). The third US-CPD
was performed after 4 weeks from suture removal and
clinical examination.

Control cases

One of the cases was also used as negative control case. In this
case, the US-CPD examination was repeated two more times,
at 1 and 4 weeks following the first visit, before starting the
endodontic treatment, to observe whether significant varia-
tions in the vascular supply of the lesion could occur without
performing any treatment on the tooth.

Two surgical cases were selected as positive control cases
to document the healing of the bone cavity after the complete
removal of the lesion by endodontic surgery.

Recall visits

The recall visits were scheduled at 1 week, 4 weeks, 6 months,
and 1 year. An accurate clinical examination was repeated,
and either traditional or digitized radiographs were obtained.
Then, follow-up visits and radiographs were scheduled once a
year.



Statistical analysis

The data related to the vascularization of the lesions at the US-
CPD were evaluated by two trained endodontists and an ex-
pert sonologist. A consensus was reached after complete
agreement between the three observers, and in the case of
disagreement, a consensus was obtained after a discussion.
Vascular features of the lesions were studied overlapping con-
secutively CD and PD to the gray-scale image to evaluate
absence or presence of vascularity and distribution of the vas-
cularity (peripheral or internal).

All cases were analyzed by correlating the occurrence of
increase, decrease, disappearance, and persistence of the vas-
cularization, from the beginning of treatment to the 4-week
follow-up and, finally, to the healing of AP.

AP was considered either healed or healing when complete
radiographic healing/normal periodontal ligament space was
observed or when a significant reduction in the lesion size was
observed in combination with the complete absence of clinical
signs and symptoms, in the cases that had a shorter recall time
[22].

Data were analyzed using Fisher’s exact test coherent-
ly with the sample size to appraise a statistical signifi-
cance (p < 0.05) measuring the deviation from a null
hypothesis (two-tailed p value). The results are reported
in Table 1.

Results

The average long-term clinical and radiological follow-
up time to validate a healing/healing trend was of
2.9 years. In the negative control case, three subsequent
US-CPD examinations were performed before interven-
tion and did not show any appreciable variation in the
vascularity of the lesion studied (Fig. 1). The two cases
scheduled for endodontic surgery were diagnosed preop-
eratively as CLs, with the US-CPD showing a
hypoechoic lesion with the absence of internal and pe-
ripheral vascularity. Surgical specimens were processed
for histopathological analysis, and the diagnosis of CL
was confirmed. One week after the removal of both le-
sions, the healing bone cavities showed a peripheral vas-
cularity with US-CPD, which was still present at 4 weeks
but with a reduction of the Doppler signal (Fig. 2). At the
preoperative US-CPD analysis, 15 lesions were diag-
nosed as GLs, showing an internal Doppler signal within
an echogenic content, whereas four lesions were classi-
fied as CLs. In three of the CLs, the US-CPD showed no
evidence of vascularity around and within the
hypoechoic image, whereas in one lesion, there was the
presence of peripheral vascularity.

Healing of AP and US-CPD features at 1 week

At the interoperative examination with US-CPD, seven cases
demonstrated a decrease (two cases) or disappearance (five
cases) of the vascular signal within the lesion, and a healing
of the periapical lesion was observed clinically and radiolog-
ically on follow-up. In 11 cases, no significant modifications
in the intensity of the vascular signal within the lesion were
identified; eight of these cases later showed radiographic
healing, whereas three cases did not. One case showed an
increase in vascularity at the 1-week US-CPD, and it healed.
The modifications of the Doppler signal of the periapical le-
sions at 1 week and the radiographic healing of the same
lesions showed no statistical significance (p = 0.2632).

Healing of AP and US-CPD features at 4 weeks

In 14 cases, the US-CPD postoperative examination showed
decrease (six cases) or disappearance (eight cases) of the vas-
cular signal and healing was observed for all the cases after the
clinical and radiological follow-up. In five cases, the Doppler
signal did not show any reduction after 4 weeks from the end
of PRCT or SRCT: two of these cases healed, whereas three
failed. The correlation between the reduction/disappearance of
the Doppler signal and the healing of the lesion was statisti-
cally significant (p = 0.0206).

Healing of GLs/CLs and US-CPD features at 1 week

Seven of the 15 lesions classified as GLs showed the reduction
of the Doppler signal associated with healing of the lesion at
the final follow-up. Eight GLs presented no reduction of the
US-CPD signal, and five of them healed. Fisher’s exact test
showed no statistical significance (p = 0.2). Only one of the
four lesions diagnosed as CLs showed peripheral vascularity
that was not present preoperatively, and this finding was not
statistically related to healing (p > 0.9999).

Healing of GL/CL and US-CPD features at 4 weeks

Of the 15 lesions diagnosed as GLs, 12 showed a decrease/
disappearance of the Doppler signal, and all of them healed,
whereas the three cases that did not show modifications in the
vascular features failed. There was a significant statistical as-
sociation between the decrease in vascularity 4 weeks post-
treatment and the healing of the lesions (p = 0.0022). The
vascular CPD signal disappeared in the CL that exhibited
the preoperative peripheral vascularity; in the CL that
achieved the peripheral vascularity at 1 week, it was reduced;
in a third case, the peripheral vascularity appeared for the first
time; and finally, in the fourth case, there were no appreciable
variations from the beginning. There was no statistical
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Fig. 1 Negative control. a Preoperative periapical radiograph showing apical periodontitis. b No evidence of vascular changes within the lesion from tg,
¢ at 1 week from t;, and d at 4 weeks from t;

Fig. 2 Positive control. a Orthopantomography showing apical surgery showing acute host response (hlue arrow). e US-CPD at 4 weeks
periodontitis involving teeth no. 10, no. 11, and no. 12 (circled). b after the previous appointment showing a reduction in peripheral vascu-
Preoperative US-CPD showing absence of vascularity (blue arrow). ¢ larity (blue arrow)

Clinical view of the endodontic surgery. d US-CPD at 1 week from
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Fig.3 Casesno. | and 2. a Periapical radiograph showing two lesions on
teeth no. 28 and no. 29. b Preoperative US-CPD showing vascularity
within the lesions (arrow). ¢ Interoperative US-CPD showing no change
in intra-lesional vascularity (arrow). d Postoperative US-CPD showing a
reduction in intra-lesional vascularity (arrow). e Perapical radiograph
showing healing of the lesions. Case number 4. f Periapical radiograph
showing AP. g Preoperative US-CPD showing intra-lesional vascular
flow (arrow). h US-CPD showing a disappearance of the intra-lesional

correlation between the vascular features of CLs and the
healing trend (p > 0.9999).

Discussion

Little information is available on the early healing response of

AP to endodontic interventions [23, 24]. Vascular response is

essential in the process of bone repair [25], and the role of

periodontal ligament, cementum, and alveolar bone in the
healing of periapical lesions following the disinfection of the
root canal system has been clearly addressed [26]. Intra-oral
radiographs in conjunction with clinical findings are still cru-
cial for the diagnosis of AP [22, 27, 28]. Although a new
periapical index based on CBCT has been introduced recently
[29], periapical radiography remains an accurate and reliable

signal (arrow). i US-CPD showing complete disappearance of intra-
lesional flow at 4 weeks (arrow). j Periapical radiograph showing com-
plete healing of the lesion. k-0 Case no. 13. k Periapical radiograph
showing AP. I Preoperative US-CPD showing absence of vascularity
(arrow). m Intraoperative US-CPD showing absence of vascularity
(arrow). n Postoperative US-CPD showing absence of vascularity and a
decrease in diameter and increase in echogenicity (arrow). o Periapical
radiograph showing a reduction in periapical index score

method in the longitudinal assessment of healing after end-
odontic treatment [30, 31] by detecting evidence of a change
in direction from a destructive phase to a healing phase in the
periapical area [32]. While traditional radiography and CBCT
are used successfully in everyday practice, yet they are not
able to detect modifications of the vascular supply in the
periapical area [33]. However, early recognition of changes
is a significant step in the appraisal of the efficacy of root canal
treatment [30]. In this study, we intended to investigate the
early vascular response of AP to endodontic treatment as a
possible predictor of healing. US examination with CPD has
already been used to monitor the long-term response (i.e., 3

6 months) to orthograde endodontic treatment. Healing le-
sions at 3 months postsurgery exhibited an increase in
echogenicity and a decrease in volume with residual vascular-
ity [13]. In some cases, the Doppler signal disappeared
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Fig. 4 Graph showing the association between the reduction in vascular flow and the healing of the apical lesions diagnosed as GLs using US-CPD

6 months after treatment as the new bone was formed [12, 13].
In this study, when the US-CPD exam was applied to a lesion
of endodontic origin, without performing any treatment (neg-
ative control), no appreciable variations of the vascularity
were observed at three different times.

The surgical cases were used as positive control cases,
since the lesions were completely removed. These two cases
exhibited initially a hypoechogenic appearance with the ab-
sence of internal vascularity at US-CPD. At 1 week following
the surgical excision, both cases showed a strong peripheral
Doppler signal, probably consistent with the penetration of
newly formed vessels from the periphery of the surgical
wound. And in the acute inflammatory phase, occurring be-
tween 0 and 2 weeks posttreatment, which starts the repair
process, we also had strong peripheral Doppler signals [34].
Four weeks after surgery, the peripheral vascularity was still
present with a lower CPD signal, probably due to the
extinguishing of the acute inflammation and the apposition
of newly formed bone [14]. We did not find a correlation
between the variations in vascularity of the periapical lesions
and the future healing of AP following the first access to the
root canals (interoperative). The presence of irritants sustain-
ing the inflammatory process in the periapical tissues after the
first appointment may explain the lack of changes in the vas-
cularity of AP. However, all cases that demonstrated an inter-
operative decrease of the vascular supply healed, suggesting
that this rapid reduction in the blood flow of the lesion may be
associated with the decrease of inflammation within the affect-
ed area. The modifications of the vascularity of the lesions
1 month postoperative, as detected by US-CPD, were

significantly related to the healing trend of AP. Between the
third and the sixth week of the healing process of the bone, a
progressive diminishing of the acute inflammatory phase is
expected, while the mesenchymal stromal cells are stimulated
to differentiate in osteoblasts and synthesize the extracellular
matrix that mineralizes [34]. Although vascularity is still pres-
ent during the healing process of AP, the reduction of the
inflammatory response and the progressive calcification of
the damaged area lead to a decrease in the penetration of US
waves and in the CPD signal until the Doppler flow disappears
[12, 13]. Finally, when combining the preoperative diagnosis
at the US-CPD with the vascular changes and the outcome of
the endodontic treatment, it was possible to notice a different
behavior between CLs and GLs (Fig. 3).

In the 15 cases echographically diagnosed as GLs [7, 35],
there was a strong association between the postoperative
decrease/disappearance of the CPD signal and the healing
trend (Fig.4). On the other hand, the four cases diagnosed as
CLs [7] did not demonstrate a correlation between the vascu-
lar changes of the lesions with their healing trend. Besides the
usual lack of internal vascularity and the rare occurrence of
peripheral vessels in cystic lesions [9, 36] that render such an
investigation highly unpredictable, the number of lesions in
this study could not facilitate the identification of any trend.
US-CPD has been known to have some limitations due to the
difficulty of the interpretation of the examination and to the
difficulty of the US to penetrate the intact bone [37]. Actually,
some of these limitations have been overcome by working in
strict contact with a sonologist, using low frequencies, alter-
nating intra-oral and extra-oral examinations, and using either
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aregular-sized or a small-sized probe. Furthermore, US waves
have been shown to access the lesions in the maxillary bones
only when they have slightly eroded either one of the cortical
plates [38, 39], as happens with periapical radiographs [27, 40,
41].

Conclusion

Considering the limitations inherent in the number of cases,
this study demonstrated the potential of US-CPD in imaging
the early response of the patient to an endodontic treatment
through the analysis of the vascular changes of the affected/
treated areas. This technique, if perfected, may be used to
determine the response to different treatment products and
techniques. Future investigations should be conducted, and
more attention should be dedicated to the potential benefits
of this alternative and biologically safe imaging technique.
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examination is a promising tool
to detect and trace
noninvasively sinus tracts of
endodontic origin. It produces
a direct image rather than one
obtained with a gutta-percha
cone inserted into the tract.
The vascular reaction within
and around the tract can be
also observed by the 3D
rendering and the color and
power Doppler
implementation.

From the *Department of Conservative
Dentistry and Endodontics, University of
Cagliari, Cagliari, ltaly; and "Department of
Endodontology, Academic Centre for
Dentistry Amsterdam, Amsterdam, The
Netherlands

Address requests for reprints to Dr
Elisabetta Cotti, Department of
Conservative Dentistry and Endodontics,
University of Cagliari, Via Roma 149,
Cagliari 09124, Italy.

E-mail address: cottiend@tin.it
0099-2399/§$ - see front matter

Copyright © 2019 American Association
of Endodontists.
https://doi.org/10.1016/
.joen.2019.07.009

CLINICAL RESEARCH

Ultrasound Examination to ®
Visualize and Trace Sinus
Tracts of Endodontic Origin

ABSTRACT

Introduction: The detection of a tooth with a sinus tract (ST) of endodontic origin and its
pathway are conventionally assessed with a periapical radiograph and a gutta-percha cone
introduced into its stoma. The aim of this study was to evaluate the possibility to detect STs
and trace their route using ultrasound real-time examination. Methods: Two calibrated
examiners performed echography on 10 patients who had a lesion of apical periodontitis (AP)
and ST and 10 patients in the control group with AP without an ST recruited in 2 endodontic
practices. They also traced the pattern of the STs with a computer program. The images were
then submitted to 2 calibrated and blinded observers who were asked to describe the
presence of AP and ST and to trace it with the same program. The data obtained were
compared with the clinical and radiographic diagnosis of ST. For sensitivity, specificity,
accuracy, and positive and negative predictive values, the receiver operating characteristic
curve and Fisher exact test were used (P < .05). Results: Interobserver agreement was high
as was the diagnostic accuracy of the ultrasound examination of STs (mean value = 97.5%),
and the Fisher exact test showed statistical significance (P < .05). High sensitivity and a
negative predictive value and 100% specificity and a positive predictive value were also
obtained. The application of the 3-dimensional mode further enabled the reconstructions of
the more complex paths, and the implementation with color power Doppler disclosed the
vascularity surrounding the STs. Conclusions: The ultrasound examination is a technique
feasible to describe and trace the STs of endodontic origin. (J Endod 2019;45:1184-1191.)

KEY WORDS

Apical periodontitis; oral radiology; sinus tract; ultrasound examination

A sinus tract (ST) of endodontic origin is a pathway from an enclosed area of infection (eg, a root canal)
to an epithelial surface through an opening (or stoma), which can be intraoral or extraoral'. The
presence of apical periodontitis (AP) associated with an ST is classified as a chronic apical abscess™”,
and the prevalence of this condition ranges from 7.4%-30.75%"~". The degree of epithelialization of the
tract is still debated because of its tortuous nature”. Patients presenting with an ST are usually
asymptomatic, with the draining fistulous opening as the only chief complaint”. The ST is expected to
heal when the source of the endodontic infection is eliminated after the root canal treatment or the
extraction of the offending tooth™ "', The identification of the tooth responsible for the ST can be
complicated by its opening at a distant site or by the presence of multiple stomas®, and when STs open
in the skin of the face and neck, they can be easily misdiagnosed as dermatologic diseases™'*'. The
detection of the infected tooth and the pathway of the ST from the root canal to the stoma are
conventionally assessed by taking a periapical radiograph after introducing, in its orifice, a gutta-percha
cone'*'” or a fine stainless steel orthodontic wire™'®. Ultrasound (US) real-time examination is a
noninvasive imaging technique extensively used in medicine based on the propagation and reflection of
acoustic waves across the different tissues of the body'"'“. In recent times, US has found a wide
application in the examination of the head and neck district'” and in the assessment, differential
diagnosis, and follow-up of AP after endodontic treatment™ . The aim of this study was to evaluate
the possibility to detect STs of endodontic origin and trace their route using US real-time examination,

also called echography.



MATERIALS AND METHODS

The present protocol was conducted in
accordance with the institutional ethics
committee and the Declaration of Helsinki
1975 (as revised in 2000, PG/2017/9991). The
subjects participating in this study were
selected among the patients referred to 2 local
endodontic practices. After approval for
participating in the present study, the patients
were asked to sign an informed consent form
and were recruited in the research protocol
according to the inclusion/exclusion criteria.

Inclusion Criteria

Healthy patients not taking any medication
with at least 1 tooth with AP** with a periapical
index score (PAI)™® of 3 or more with or without
an ST were included in this studly.

Exclusion Criteria

Pregnant women, patients with systemic
diseases taking medications, patients with a
fracture or periodontitis diagnosed on the
tooth with the ST, and patients not wiling to
participate to the study were excluded.

Diagnosis of AP

After assessment of the medical and dental
history, the patients received a thorough dental
examination. Endodontic clinical evaluation
was performed along with the following tests:
palpation, percussion, occlusal evaluation,
tooth mobility, periodontal probing, bite test,
and pulp sensittivity tests for each tooth. Two or
more intraoral periapical radiographs were also
performed”®. The diagnosis of ST was done
through direct observation of a stoma (draining
or not draining), and a periapical radiograph
was performed positioning a gutta-percha
cone within the tract’**,

The assessment of PAl was performed
by the postgraduate endodontic students
following the tables of @rstavik et al”” at the
Department of Conservative Dentistry and
Endodontics, University of Cagliari, Cagliari,
Italy. The decision had to be confirmed by the
head of the department. For the aim of the
present study, the PAIl score was used as a
diagnostic decisional tree where the patients
were dichotomized in PAl >3 and PAI <3.

Subject Material

Twenty white patients (20 teeth) affected by AP
(8 men and 12 women, mean age = 47.2)
were divided into the following 2 groups:

1. The cases (APST): 10 teeth with 1 lesion of
AP with an ST

2. The controis (CT): 10 teeth with 1 lesion of
AP without an ST

The cases and controls were selected
by 2 examiners (an expert sonologist and a
trained expert endodontist) and examined by 2
blinded observers.

US Examination

The 2 examiners performed calibration with the
images of STs collected from a previous pilot
study (A. Goddi, 2017), and these samples
were not included in the main experiment. The
level of agreement among the observers was
calculated through kappa statistics. The 2
blinded observers performed calibration
exercises with the images of cases of AP, with
and without an ST, from the previous pilot
study until they obtained a good agreement
(Cohen kappa of 0.3, 0.67, and 1.00, at the
first, second, and third examination,
respectively). Two weeks later, the same
images were submitted for further examination
to calculate the intraexaminer agreement. All
US examinations were performed using either
an Elegra (Siemens, Erlangen, Germany) or an
Aplio XG (Toshiba Medical Systems, Crawley,
UK) apparatus with regular and small-size,
linear, high-definition, multifrequency US
probes. To have the availability of the 2 units
during the main experiment and to not
produce confounding data, the 2 linear
multifrequency probes of 7-9 MHz and 8-12
MHz, were respectively coupled with the
Elegra Siemens and the Toshiba Aplio XG to
generate equivalent output scans during the
calibration. After the application of an
echographic gel, the probe was placed and
moved both extraorally on the skin of the upper
and lower jaw and intraorally in the area of the
alveolar mucosa, corresponding to the roots of
the involved teeth. The position of the probe
was changed several times to obtain an
adequate and representative number of scans.
In addition, the color power Doppler (CPD) was
applied to all APST cases to assess the
presence, amount, and features of the
vascular supply within or outside the tract.
Once several scans were acquired from each
case, the data were converted into 3-
dimensional (3D) images. The representative
images were saved as TIFF files, organized on
a PowerPoint presentation (Microsoft Office
2013; Microsoft Corporation, Redmond, WA)
on the screen of a Dell Inspiron 15 laptop
computer (Dell Inc, Round Rock, TX), and
submitted to the blinded observers separately
and without the radiograph where the ST was
traced. The blinded observers were then

asked to diagnose independently the presence
or absence of an ST associated with AP and to
fill a dedicated chart. In addition, they were
asked to draw the route of the ST on the
images using the same computer program.
The diagnosis of ST in this study was
considered valid only if the fistulous pathway
was traced by both observers and if it was
possible to superimpose the 2 images. The
observers repeated the same examination 2
weeks later.

Data Analysis

The data from the ultrasonic examinations
were then compared with the clinical and
radiographic diagnosis of ST to assess
sensitivity, specificity, accuracy, positive
predictive value, and negative predictive value
and to establish the reliability of the technique.
The accuracy of the procedure was also
evaluated with the receiver operating
characteristic curve (area under the curve).
Given the small number of samples observed
in this study, the Fisher exact test was used
coherently with the sample size to calculate the
significance of agreement on the echographic
analysis according to the clinical and
radiographic diagnoses (P < .05). The Fisher
exact test requires 2 X 2 contingency tables, a
number of observations <30, and cells with
expected frequencies <5.

RESULTS

All 20 patients did not experience any
discomfort during the US examination. The
examiners detected AP in all US examinations
(APST and CT groups) and traced all 10 STs in
the APST group (Table 1). The US images of
AP in the CT group were anechoic to
hypoechoic areas, developing deeply under a
well-defined hyperechoic band corresponding
to the buccal cortical bone plate. In the
presence of AP, the buccal plate was either
perforated or thinned (depending on the scan),
creating an acoustic window for the US waves
to access the lesions. A posterior acoustic
reinforcement (white rim) where the UT could
not penetrate any further was the common
additional feature at the deepest part of the
lesion”’ (Fig. 1A and B). In the echographic
images of all APST cases, there was a
detectable interruption of the cortical bone
plate (Fig. 2A—F) necessary for the discharge of
exudation from the lesion to the soft tissues. In
the B-mode US images, the STs appeared as
dishomogeneous, hypoechoic pathways lined
by echogenic and reinforced walls, connecting
the lesion to the intra- or extraoral tissues
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TABLE 1 - Data Collection of the Apical Periodontitis (AP) Lesions Investigated by Ultrasound (US) Real-time Examination

Patient no. Sex Age Teeth US diagnosis Diagnostic group
1 F 50 3.4 AP with ST Case

2 F 25 12243 AP with ST Case

3 F 56 3.6 AP with ST Case

4 M 57 3.6 AP with ST Case

5 F 35 1.6 AP with ST Case

6 M 52 1.2 AP with ST Case

7 F 54 3.7 AP with ST Case

8 M 57 1.6 AP with ST Case

9 F 50 34,35 AP with ST Case
10 F 42 1.6 AP with ST Case
11 F 24 3.6 AP Control
12 M 53 1.1, 1.2 AP Control
13 F 73 1.2 AP Control
14 M 68 4.3 AP Control
15 M 37 3.6 AP Control
16 M 24 4.7 AP Control
17 F 70 23 AP Control
18 M 50 2.1 AP Control
19 F 25 26 AP Control
20 F 42 2:5 AP Control

3D, 3-dimensional; F, female: M, male; ST, sinus tract.

where the stoma opened (9 cases and 1 case,
respectively). When these tracts reached the
alveolar mucosa, they were framed by an
echogenic area at the interface between the
buccal oral tissues and the cortical plate

(Fig. 2). In the scans of the extraoral ST, which
generated from tooth #19 and opened at the
skin surface of the right mandible, the
hypoechoic band crossed the muscular layer
of the buccinator to reach the surface (Fig. 3A-
F). The observers diagnosed the absence of an
ST in all the images of the CT group and

highlighted the presence and route of an ST in
9 out of 10 images in the APST group. In 1
case, there was a mismatch between the
observers in the tracing of the ST path, and the
diagnosis of ST could not be validated. After a
consensus with the nonblinded examiners was
reached, 1 of the pathways was considered
correct. In 6 of the APST cases, the whole ST
could be entirely framed within a single scan.
However, in 4 cases (patients #4, 6, 7, and 8),
the pathway of the ST was particularly tortuous
and required more scans to be traced. In these

Doppler signal 3D modality
Absent Not performed
Present Performed
Absent Not performed
Present Performed
Present Performed
Present Performed
Present Performed
Absent Performed
Present Performed
Absent Not performed
Absent Not performed
Absent Not performed
Present Performed
Present Performed
Absent Performed
Present Not performed
Absent Not performed
Absent Not performed
Absent Not performed
Absent Not performed

cases, a 3D image of the entire tract was
obtained with the 3D elaboration mode (3D
rendering multislice view) (Fig. 4A-F). The
results from the CPD showed no vascular
signal within the lumen of all the tracts;
however, in 5 patients™™ ', small vessels were
identified along the echogenic walls of the ST,
revealing a possible inflammatory reaction
(Fig. 4). At the first examination, the level of
interobserver agreement was very high (Cohen
k = 0.9). The 2 observers confirmed the results
2 weeks later (Cohen k = 0.9). In addition, the

FIGURE 1 - (4) An echographic image of AP showing an intact cortical bone plate (arrows) and the posterior acoustic reinforcement (arrowhead). (B) A periapical radiograph

depicting the same lesion (tooth #7).



FIGURE 2 - (A) An ecographic representation of an ST interrupting the cortical bone plate (arrowhead) depicted as a dishomogeneous, hypoechoic pathway (inferrupted fine) lined by
echogenic and reinforced walls (arrows). (B) The same ST traced with a periapical radiograph (tooth #7). (C) The corresponding clinical image. (0) Ecographic tracing of another ST
interrupting the cortical bone plate (arrows) through a breach (arrowhead). (E) The same ST traced with a periapical radiograph (tooth #3). (F) A clinical image of the corresponding

hypertrophic stoma.

intracbserver agreement calculated 2 weeks
later showed a kappa value of 1.00. This
technique showed high sensitivity and a
negative predictive value and 100% specificity
and a positive predictive value (Table 2).
According to the receiver operating

characteristic curve analysis (Fig. 5), the
diagnostic accuracy of the US examination to
detect STs had a mean value of 97.5% in the
blinded observers. In addition, the Fisher exact
test showed a statistical significance for both
observers (P < .05, Table 2).

DISCUSSION

Achieving new and more complete
information on STs is of primary interest in
clinical endodontics because the presence of
a preoperative ST has been reported to
reduce the odds of success of periapical

FIGURE 3 - (4) An ecographic image of an extraoral ST (inferrupted line) representing the (@) opening at the (b) skin surface (fragmented contour), the (¢) muscular layer, and the (d)
mandibular bone. (B) Another perspective of the same lesion showing the whole AP (inferrupled contour). (C) A periapical radiograph of the same lesion on tooth #18. (D) Clinical
detail of the cutaneous stoma. (E) A postoperative radiographic image showing the extruded root canal sealer following the ST (arrowhead). (F) A 3-month postoperative radiograph
showing the progressive movement of the sealer (arrowhead) and healing of the lesion.
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FIGURE 4 — (A) An APST case visualized in the 3D elaboration mode. (B) Tridimensional reconstruction of AP (interrupted contour) and the ST (interrupted line). (C) A periapical
radiograph of the same case and tracing of the tract {tooth #18). (D) An APST case fraced with a gutta-percha cone and a periapical radiograph (tooth #7). () Evaluation of the
vascularity in the same case using CPD. (F) CPD detail showing the ST (arrow) and identifying the presence of small vessels at the walls of the ST lumen.

healing by 48%" and to increase the hazard
of tooth loss by 120%°". The difficulty in the
healing of STs has been explained in the past
with the presence of an epithelial lining
throughout the tract™", which would hamper
the closure of the pathologic pathway despite
the adequate treatment of the root canal
infection. Epithelialization as the cause of
failure has been dispelled by the evidence
that the persistence of infection was a more
important reason for the lack of resolution of
the ST''*', Concentrations above the
average of specific pathogens in intraradicular
infection have been considered responsible
for the poorer prognosis of teeth with chronic
apical abscesses; yet, no significant
differences were found between cases with
and without STs in terms of total bacterial
counts™. Finally, the persistence of STs has
been attributed to the presence of
extraradicular infections such as
actinomycosis™, but there is still no definite
evidence that an extraradicular infection alone
can sustain refractory periapical
inflammation™**“. Indeed, in a recent

histobacteriologic study on 24 biopsy
specimens from roots of teeth associated
with AP and an ST, the authors highlighted
the complexity of the infection that
characterized those cases. They reported
that 83% of the samples had a compound
infectious pattern that involved the canal
system, the periapical lesion, and the
extraradicular fraction of the root, the latter
always derived from the intraradicular biofilm
present in all canals. To our knowledge, this
is the first experimental study designed to
assess the potential of US to scan STs, track
their pathways, and evaluate their vascularity.
Only 1 article in the field of dermatology has
reported the application of US in 3 cases of
cutaneous STs of endodontic origin at first
misdiagnosed and overtreated with invasive
and unnecessary interventions. In the
mentioned study, a linear high-frequency US
probe was used to investigate the lesions in
the skin; the tracts were described as
hypoechoic bands connecting the skin to the
alveolar bone with a distinguished CPD signal
at the periphery of 2 lesions, as observed in

TABLE 2 - Data Analysis of the Results Obtained by the Blinded Observers during the Different Examinations

Observer Examination Sensibility Specificity PPV NPV
Observer 1 1 100 100 100 100
Observer 2 1 90 100 100 91
Observer 1 2 100 100 100 100
Observer 2 2 90 100 100 91

NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating characteristic.

some of our cases, yet they did not highlight
the pathway of the STs™'. The results of this
study showed that US examination was
feasible to visualize and track the path of an
ST of endodontic origin. The common
procedure used to trace a chronic apical
abscess contemplated the insertion of a
gutta-percha cone through the opening of the
ST followed by a periapical radiograph of the
area to achieve an indirect image of the tract
(Fig. 2B and B)"*'°. With US imaging, the
route of drainage of the fluid can be
completely imaged from the periapical lesion
to the stoma of the ST (Figs. 2 and 3). The
reconstruction of the images with the 3D
mode can also disclose 3-dimensionally the
pathway of the tract and illustrate its
irregularities and curves. The implementation
of the examination with CPD further allows
the assessment of the vascular patten and,
consequently, the inflammatory response of
the tissues surrounding the ST. Moreover, the
technique has the serious advantage of not
using ionizing radiations ™. The choice of a
linear multifrequency probe in this experiment

ROC Significance (P < .05)
100 P=.0

95 P = .001

100 P=.0

95 P = .001
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FIGURE 5 - Receiver operating characteristic curve (area under the curve) analysis showing the diagnostic accuracy of the technique for the blinded observers.

is justified because lower frequencies can
penetrate deeper within the bone defect,
whereas higher frequencies permit
visualization of the soft tissues and the STs
with a better definition™”. Although the
examination should be performed in real time
to achieve the most from its diagnostic
power, the analysis of the images performed
from the blinded examiners after their
acquisition showed high values of sensibility,
specificity, and accuracy (Table 2). The time
necessary to obtain the US image of the ST
on a selected area is longer than making a
radiograph; on the other hand, once the
image is obtained, using the CPD or the 3D
extension is relatively fast.

The small number of cases constitutes 1
of the main limitations of the statistical
significance of the present study, and in order
to determine the power of the associations of
the observations, we have performed a
statistical test of significance. One of the
reported limitations of US examination is that it
requires a learning curve and that the
interpretation of the images necessitates
training and a certain level of experience®*’,
Nevertheless, good training may enable most
clinicians to perform and analyze the images
because the anatomic layers that need to be
crossed by the US waves to reach the lesions
and the STs are the skin, the alveolar mucosa,
and the cortical bone plate.
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Abstract

Musu D, Cadeddu Dessalvi C, Shemesh H, Frenda
MG, Mercuro G, Cotti E. Ultrasound examination for the
detection of simulated periapical bone lesions in bovine
mandibles: an ex vivo study. International Endodontic

Journal, 53, 1289-1298, 2020.

Aim To evaluate the accuracy of ultrasound exami-
nation (USE) for the detection of artificial bone defects
in bovine mandibles in the absence of complete ero-
sion of the cortical bone plate and to determine the
minimum cortical thickness that constitutes a barrier
for ultrasound waves.

Methodology Sixty bovine mandibular anatomi-
cal blocks were harvested and uniformly distributed
amongst six experimental groups. The negative con-
trol consisted of blocks with no intra-bony defects,
whereas the positive control consisted of blocks with
an artificial lesion of 2 mm diameter that perforated
the buccal cortical bone plate. Two experimental
groups comprised blocks with small (2 mm) and large
(5 mm) artificial defects created under a cortical plate
thinned to varying thicknesses. Two additional
groups had small (2 mm) and large (5 mm) artificial
defects that did not involve the cortical plate. After
USE, the scans were saved and submitted to three
blinded examiners. Sensitivity, specificity, predictive

values and receiver-operating characteristics (ROC)
of the findings
(P < 0.05) was appraised using the chi-square statis-
tics with the Yates correction, whilst the intra- and

were analysed. The significance

inter-examiner agreements were evaluated through
Kappa statistics.

Results USE was associated with high sensitivity
(97.3%) and negative predictive value (89%), and a
perfect score for specificity and positive predictive
value. The ROC curve analysis revealed an accuracy
of 97.8%. The k-values were 0.86 and 0.89 for the
first and second examinations, respectively, demon-
strating very high inter-observer agreement. The
intra-observer agreement was also high (k-
value = 0.92). A significant correlation between the
echographic diagnosis and the presence or absence of
artificial intraosseous lesions in the anatomical blocks
of bovine mandibles was observed (P < 0.0001).
Conclusions USE was highly accurate and reliable
for the detection of artificial lesions within bovine
mandibles, regardless of the thickness or presence of
the cortical plate.

Keywords: apical periodontitis, bone lesions, Endo-
dontics, ultrasound examination, ultrasound imaging.
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Introduction

Ultrasound examination (USE) or echography has
been used in several fields of medicine without reports
of harmful effects in humans and is widely acknowl-
edged as a safe and cost-effective imaging technique
(Duck 2001, Moore & Copel 2011). Echography has
also occasionally been used for the differential diagno-
sis of intraosseous bone lesions in oral surgery (Dib
et al. 1996). The use of ultrasound for the study of
apical periodontitis (AP) (Cotti et al. 2002) resulted in
the successful detection of AP. This was followed by
an attempt to differentiate apical cystic lesions from
granulomas (Cotti et al. 2003). When the results from
this examination were compared to the histopatho-
logic findings, a high accuracy in depicting the major
characteristics of the lesions was demonstrated (i.e.
presence or absence of vascularity within the lesion
and fluid versus solid content of the lesion). Other
researchers used similar protocols and confirmed
these findings (Gundappa et al. 2006, Raghav et al.
2010, Sandhu et al. 2015). A recent systematic
review (Musu et al. 2016) focused on the predictabil-
ity of USE in the differential diagnosis of various
intraosseous bone lesions of the jaws and highlighted
promising results, especially in the field of Endodon-
tics. Further studies investigating USE explored the
implementation ol this technique to monitor the heal-
ing of AP after orthograde (Maity et al. 2011) and
surgical (Tikku et al. 2010) endodontic treatments
and to assess the early response of AP to root canal
treatment (Cotti et al. 2018).

Given the growing interest in this technique, several
concerns had been raised. The first is the potential diffi-
culty when interpreting ecographic images by
untrained practitioners (Patel et al. 2009a); however,
this limitation remains speculation (Musu et al. 2016).
Another concern for the successful application of
echography to the study of intraosseous lesions of the
jaws is the potential obstacle of the thick intact cortical
bone plate through which the ultrasonic beam must be
transmitted (Dib et al. 1996, Bayrakdar et al. 2018). It
has been argued that the prerequisite to identify a
lesion within the jaws using USE is a perforated or
eroded buccal cortical plate (Rajendran & Sundaresan
2007, Patel et al. 2009a), although this claim has not
been substantiated. Conversely, thinning of the cortical
plate would easily create an acoustic window for the
ultrasonic waves to reach and detect the central lesions
(Raghav et al. 2010, Ferreira et al. 2016), similar
to conventional radiography, where minimum

involvement of one of the cortical plates is needed to
reveal the pathosis (Bender & Seltzer 1961). Currently,
there is no standard reference for the minimum cortical
bone thickness in an anatomical model to create an
acoustic window that allows ultrasonic waves to enter
the lesion. The aims of this ex vive study were to evalu-
ate the efficacy of USE for the detection of artificial peri-
apical lesions within bovine mandibles in cases without
complete bone erosion, to determine the minimum
thickness of the cortical plates that acts as a barrier for
ultrasound waves and to assess the reliability and feasi-
bility of USE in endodontic clinical practice for the
detection and differential diagnosis of AP.

Materials and methods

Ten fresh mandibles of young bovines (mean
age = 2 years) were obtained. Each mandible was
split sagittally at the midline. The anterior parts of
the segments (containing the incisors) were excluded,
and the posterior mandibles having a thicker cortical
bone were used. The 20 dentulous posterior halves
were each divided into three parts using a high-speed
cutting band saw (MKB 752 Selekta 2; MADO, Frank-
furt, Germany) to obtain three anatomical blocks per
segment (mesial, middle and distal). A total of 60
specimens were thus produced. In all study groups,
the cortical plate of the alveolar bone to be removed
was outlined with a precision cut-off metal wheel on
a rotary drill (Dremel 300; Dremel, Racine, WI, USA)
at 35 000 rpm, and a sharp chisel was used to sepa-
rate the outer fragment from the inner cancellous
bone. The specimens were randomly allocated to six
experimental groups of 10 blocks each (Fig. 1):

1. Negative control group (NCG) = no intra-bony
defects were created

2. Positive control group (PCG) = one artificial lesion
of 2 mm diameter perforating the cortical bone
plate was created in each specimen

3. Study group 1 (SG1) = one lesion of 5 mm diame-
ter was created in the inner bone layer, whilst
the cortical plate of each sample was thinned to
create different thicknesses

4. Study group 2 (SG2) = one lesion of 2 mm diame-
ter was created in the inner bone layer with the
cortical plate thinned to create different thick-
nesses for each specimen

5. Study group 3 (SG3) = one lesion of 5 mm diame-
ter was created in the inner cancellous bone
layer, leaving the cortical plate intact
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6. Study group 4 (SG4) = the cortical plate was
intact, and lesions 2 mm in diameter were per-
formed.

Subject material preparation

The smaller experimental bone defects in PCG, SG2
and SG4 were created using a round diamond bur of
2 mm diameter (Diatech, Mt Pleasant, SC, USA) and
a high-speed dental handpiece inserted from the outer
surface of the buccal cortex up to the depth of the
drill. In SG2 and SG4, the lesions were made in the
inner cancellous bone layer once the cortical plate
had been removed temporarily. The larger artificial
bone defects were created using a carbide round bur

Control Groups
I

of 5 mm diameter (Meisinger, Centennial, CO, USA)
and a low-speed dental handpiece inserted into the
inner cancellous bone. The bucco-lingual and mesio-
distal diameters were verified using a digital dental
calliper with an accuracy of 0.03 mm (METRICA,
Milan, Italy). In the SG3 and SG4 groups, the cortical
plate was left intact, whereas in the SG1 and SG2
groups, the cortical plates were thinned at specific
decreasing thicknesses (from 5 to (0.5 mm with ().5-
mm intervals between adjacent blocks). The sequen-
tial reduction in thickness was achieved gradually
using a sanding drum (Dremel) mounted on the
rotary device and a dental model trimmer, and the
results verified with a digital calliper. The procedures
were performed by stabilizing the blocks and cortical

Study Groups

Figure 1 Schematic illustration of the anatomic blocks assigned to the different groups. In the NCG specimens. no intra-bony

defects were produced, whilst in the PCG specimens lesions of 0.2 mm were produced perforating the cortical bone plate. In

the experimental groups: the SG1 specimens show lesions of 0.5 mm created in the inner bone layer, and the outer cortical
bone plates thinned and detached: the SG2 specimens display lesions of (.2 mm created in the inner bone layer, and the
thinned outer cortical plates detached from the block; the SG3 specimens show lesions of (.5 mm in the inner bone layer, and

the detached intact outer bone plates; the SG4 specimens reveal lesions of 0.2 mm created in the inner bone layer with

detached intact cortical bone plates. The echographic images of the six experimental groups are displayed. and a B-mode scan

of the artificial bone lesions for each group is shown (white arrows).



plates with a hydraulic press. The cortical plates were
repositioned, and the specimens were wrapped in dis-
posable latex bags, coded, and stored at 0 °C until
USE.

Ultrasound examination

The principal investigator and an expert sonologist
calibrated 10 anatomical blocks, not included in the
main experiment. During the study, the anatomical
blocks were filled with the ecographic gel (Aquagel;
HP, Palo Alto, CA, USA) to exclude the presence of
gas/air and to avoid artefacts and the creation of an
acoustic barrier. The USE was performed with a
Toshiba Medical-Aplio 1700, (Toshiba, Tokyo, Japan)
using a high-frequency linear transducer where the
frequency was reduced to 4.5 Mhz to increase the
penetration of the ultrasonic waves through the corti-
cal bone. The machine was setup at the muscu-
loskeletal standard, wherein for each sample, the
sonographer varied gain and compression to enhance
the accuracy of detection of the single lesion. The
specimens were examined following the application of
the echographic gel with the ultrasound probe placed
over the repositioned cortical plate corresponding to
the area of the artificial lesions. The probe was moved
several times to achieve an adequate number of scans
and define the bony defect. Once the lesion was
located, its mesio-distal and bucco-lingual diameters
were measured, and the scan was frizzed and stored
in the machine computer. The images from each
specimen were exported, coded and saved as TIFF files
on a laptop computer (Dell Inc., Round Rock, TX,
US).

Calibration and data analysis

Three observers were calibrated separately by the
principal investigator using US scans of specimens not
included in the experiment. The anatomical blocks for
calibration comprised samples without simulated
intraosseous lesions, or with lesions perforating/thin-
ning/not involving the cortical plate. The blinded
analysis was performed only after all the observers
obtained at least a substantial agreement with the
main examiner (Cohen's K ranging from 0.61 to
0.80). The three observers then individually assessed
the 60 scans presented as TIFF images in a random-
ized order, organized as a PowerPoint presentation
(Microsoft Office 2013: Microsoft Corporation, Red-
mond, WA, US) on a laptop computer. The observers

were blinded to whether a bone defect was present,
and whether the cortical plate was intact, thinned or
perforated. All observers were asked to diagnose the
presence/absence of a lesion within a scan and to cir-
cle the defect by using the computer program. The
diagnosis was considered valid only when the defect
was correctly identified. The same examination was
repeated 4 weeks later after changing the sequence of
the images, and the results of each observer were sub-
mitted and analysed. The intra- and inter-observer
agreement in the visualization of the lesions was eval-
uated through Kappa statistics. Sensitivity, specificity,
accuracy, positive predictive value (PPV), and nega-
tive predictive value (NPV) were calculated to estab-
lish the validity of the technique. Furthermore, the
accuracy of the procedure was visualized by the area
under the receiver-operating characteristics (ROC)
curve (AUC). The significance of the findings was
appraised using the chi-square statistics with the
Yates correction. A P value < 0.05 was considered
statistically significant.

Results

The principal investigator and sonologist, using USE
in real-time, could detect all the 50 artificial intraoss-
eous lesions. The mesio-distal and bucco-lingual
diameters of the defects were measured with an echo-
graphic device to confirm the diagnoses. The NCG
images appeared as a cross-sectional/longitudinal
echo-tomographic scanning of a mandibular area
devoid of bony defects. The outer cortical plate was a
highly reflective hyperechoic band, whereas the inter-
mediate layer (medullary bone) showed an echogenic
and scattered appearance until the inner cortical plate
or the root surface was reached, determining the
complete reflection and exhaustion of the remaining
echoes (Fig. 2a). In the PCG, the 2-mm lesions perfo-
rating the cortical plate were directly accessible by
the echographic probe. The scans showed the inter-
ruption of the outer bone plate as a reduction of the
echogenicity overlying the bone defect, presenting as
a well-defined hypoechoic area with a posterior
enhancement (Fig 2b). USE also permitted the detec-
tion of the artificial bone lesions of both 2 and 5 mm
diameters beneath the cortical bone plate thinned at
different thicknesses in SG1 and SG2, as well as
beneath the intact cortical bone plate in SG3 and
SG4. In all study groups, the outer plate (independent
of its thickness) could be seen as a continuous hyper-
echoic band, whereas the bone defects were well-
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defined anechoic to hypoechoic areas that interrupted
the continuity of the inner alveolar bone and pre-
sented a hyperechoic posterior acoustic enhancement
(Fig. 2¢-).

The mean (standard deviation [SD]) agreement
between the observers for the blinded examination
was 95.6 % (0.88% SD) and 96.7% (0.00% SD) dur-
ing the first and second examination, respectively,
after 4 weeks. The Kappa analysis showed k-values of
0.86 (0.03 SD) and 0.89 (0.00 SD) during the first
and second examination, respectively, demonstrating
a strong inter-observer agreement. The intra-observer
agreement was very high with a mean (SD) agree-
ment of 97.8% (0.92%) and a mean k-value of 0.92
(0.03 SD; Table 1).

Cortical Bone
Plate Pl

Acoustic Posterior

Enhancement

D

Intact Cortical

Thinned Cortical Bone Plate

Bone Plate

Inner Bone
Layer

Inner Bone
Layer

The results of the sensitivity, specificity, PPV and
NPV are presented in Table 2. The mean (SD) obser-
ver calculations showed a high sensitivity value of
97.3% (1.63% SD) and a high NPV of 89% (6.86%
SD). These values were attributable to one false-nega-
tive result for the observers 1 and 2 during the first
examination, followed by two false negatives in the
second examination, and two false negatives for
observer 3 in the first examination. The technique
demonstrated a perfect specificity and PPV with the
mean values of 100% (0.0% SD) and 100% (0.0%
SD), respectively (Table 2). According to the ROC
curve analysis, the overall mean value for the diag-
nostic accuracy of USE for the blinded observers was
97.8% (1.34% SD; Table 3).

Thinned Cortical
Bone Plate

Intact Cortical
Bone Plate

Inner Bone <~
Layer

Figure 2 Echographic images of the six experimental groups: (a) NCG ultrasound scanning showing the absence of lesions and

a highly reflecting cortical bone plate (arrowed); (b) PCG ultrasound image showing a hypoechoic 0.2 mm lesion (circled) per-

forating the cortical bone plate and producing an acoustic posterior enhancement (arrowed): (¢) SG1 and (d) SG2 ultrasound

scans showing the thinned outer cortical plate (arrowed) and the hypoechoic experimental lesions (circled) delimited by the

inner bone layer (arrowed); (e) SG3 and (f) SG4 ultrasound scans showing the intact cortical plate (arrowed) and the hypoe-

choic experimental lesions (circled) delimited by the inner bone layer (arrowed).



Table 1 Percentage of agreement (%) between the observers
and Kappa values for intra- and inter-observer agreement in
the two different assessments

Examiner Observer 1 Observer 2 Observer 3
Observer 1 (98.3%)" 0.94 (96.7%])° 0.89 (96.7%)° 0.89
Observer 2 (96.7%)"” 0.89 (98.3%)” 0.94 (96.7%)° 0.89
Observer 3 (95%)" 0.84 (95%)" 0.84 (96.7%)* 0.89
Inter-observer Inter-observer  Intra-observer
agreement on agreement agreement
the 1st on the 2nd
assessment assessment
Mean (SD)  95.6 % (0.88%)  96.7% (0.0%) 97.8% (0.92%)
0.86 (0.03) 0.89 (0.0) 0.92 (0.03)

SD, standard deviation.

®Intra-observer agreement is presented in the diagonal.
“Inter-observer agreement from the first assessment is pre-
sented below the diagonal.

“Inter-observer agreement from the second assessment is pre-
sented above the diagonal.

The chi-square statistics with the Yates correction
showed a significant correlation between the echo-
graphic diagnosis of each observer and the presence/
absence of artificial intraosseous lesions in the
anatomical blocks (P < 0.0001; Table 3). No signifi-
cant correlation was found between the USE diagnosis
and the presence/absence of perforation of the buccal
plate (P > 0.05), diameter of the artificial lesions
(P > 0.05) or presence of a thinned or intact cortical
bone plate (P > 0.05: Table 4). The average mini-
mum thickness of the intact cortical bone plates
(SG3-SG4) was 5.40 mm (0.85 SD), and 55% of the
plates had >5.0 mm thickness. The average maxi-
mum thickness of the intact cortical plates was
8.32 mm (1.82 SD), and 100% of the plates had
>5.0 mm thickness. The mean thickness of the corti-
cal plates was 6.86 mm (2.04 SD).

Discussion

Despite the three-dimensional (3-D) nature of the
examination, it has been reported that the major

technical limitation for the use of USE in Endodontics,
and Dentistry in general, lies in the hypothesis that
ultrasound waves are blocked by intact cortical bone
(Tikku et al. 2010). However, it has also been stated
that an interruption in the cortical plate is not neces-
sary to visualize a periapical lesion, since a thinning
of the cortex could be sufficient to create an acoustic
window for the ultrasonic waves to penetrate the
bony defect (Gundappa et al. 2006, Patel et al.
2009a, Raghav et al. 2010). Nevertheless, such thin-
ning has never been measured or quantified. More-
over, the authors of a previous in vivo study
concluded that there is a significant association
between the thickness of the cortical bone and the
ability of ultrasound to detect the presence of periapi-
cal lesions (Tikku et al. 2016). However, in this
report, the measures of the residual cortical plate
were extrapolated by the mean thicknesses described
in other studies and not directly measured (Jin et al.
2005, Katranji et al. 2007).

The present study was therefore designed to evalu-
ate if, and how, different thicknesses of the cortical
plate would influence the capability of USE to detect
artificial lesions in bone, using an ex vivo model.

According to the results, the reading of the echo-
graphic images performed by the observers demon-
strated that USE is highly reliable for the detection of
the artificial central lesions. These findings are in con-
trast with the concerns expressed on the need of
extensive clinical expertise and training to read USE
scans (Rajendran & Sundaresan 2007, Patel et al.
2009a). Needless to say, experience and level of train-
ing have an influence on the best performance of the
clinician in the interpretation of all diagnostic images
(Tewary et al. 2011). The inter- and intra-examiner
agreement in this work were optimal, and comparable
to those obtained by cone beam computed tomogra-
phy (CBCT) ex vivo human studies (Patel et al. 2009b,
Al-Nuaimi et al. 2016), probably because the display
of the anatomy crossed by the ultrasound waves is

Table 2 Blinded observer results and overall mean (SD) sensibility. specificity, PPV and NPV

Positive predictive Negative predictive

Sensibility Specificity value (PPV) value (NPV)
Observer T Taw To Taw To Taw To Taw
Observer 1 98% 96% 100% 100% 100% 100% 91% 83%
Observer 2 98% 96% 100% 100% 100% 100% 91% 83%
Observer 3 96% 100% 100% 100% 100% 100% 83% 100%
Mean (SD) 97.3% (1.63%) 100% (0.0%) 100% (0.0%) 89% (6.86%)

To, First-time examination; Taw, examination after 4 weeks.
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Table 3 Blinded observer results and overall mean (SD) accuracy, ROC (AUC) and chi-square test

Accuracy ROC (AUC) Chi-square Chi-square probability
Observer To Taw To Taw To Taw To Taw
Observer 1 98.3% 96.7% 0.99 1.0 47.109 42,188 <0.0001 <0.0001
Observer 2 98.3% 96.7% 0.99 1.0 47.109 42.188 <0.0001 <0.0001
Observer 3 96.7% 100% 1.0 1.0 42.188 62.072 <0.0001 <0.0001
Mean (SD) 97.8% (1.34%)

ROC (AUC), Area under the ROC curve; Ty, First-time examination; T,w, examination after 4 weeks.

3D as well. On the contrary, the inter- and intra-ob-
server agreements in the diagnosis of AP with periapi-
cal radiographs, which is still considered the gold
standard (Torabinejad et al. 2018), ranged from less
than 25% to 68%. and 47% and 88%, respectively
(Goldman et al. 1972, Goldman et al. 1974, Tewary
et al. 2011) due to the two-dimensional nature of the
examination.

Ultrasound imaging was 100% accurate in diagnos-
ing the absence of intraosseous lesions (100% speci-
ficity) and, with a 100% PPV, revealed an extremely
low chance (0%) to over-diagnose the presence of a
disecased area, similarly to recent CBCT studies, (de
Paula-Silva et al. 2009, Patel et al. 2009b, Kana-
gasingam et al. 2017b). In addition, both the data
regarding USE and CBCT exhibited higher specificity
and PPV than conventional and digital periapical
radiographs according to the results reported by a
systematic review and meta-analysis on ex vive and
in vitro studies (Leonardi Dutra et al. 2016). These
high values of specificity and PPV can be easily
explained by the fact that in the absence of intra-
bony lesions, and thus in the presence of sound bone,
complete reflection of the ultrasound waves occurred.
In addition, USE revealed high values of sensitivity
(97.3%) and NPV (89%) in diagnosing the incidence
of bone lesions, nevertheless the presence of false neg-
atives determined a risk of missing the disease in 11%
of the cases. Despite this, the USE sensitivity and NPV
had higher values than those of digital and conven-
tional periapical radiographs (Stavropoulos & Wenzel
2007, Leonardi Dutra et al. 2016, Kanagasingam
et al. 2017a). Unfortunately, these values could not
be compared to those from other USE studies since
experiments with a similar design are not available.

The accuracy of USE in the detection of artificial
periapical lesions (97.8%) exhibited values higher
than those reported for periapical radiographs in
other ex vive studies (Stavropoulos & Wenzel 2007,
Paula-Silva et al. 2009, Leonardi Dutra et al. 2016,

Kanagasingam et al. 2017a) comparable to those of
CBCT (Paula-Silva et al. 2009, Patel et al. 2009b,
Liang et al. 2014, Leonardi Dutra et al. 2016, Kana-
gasingam et al. 2017b). Most importantly, the ability
to detect the lesions within the anatomical blocks
using echography was independent of the diameter of
the lesions, presence/absence of perforation in the
cortical plate and thickness of the bony barrier
(Table 4). The easiest way to explain this finding is to
consider that, as mentioned above, US examination is
a three-dimensional image obtained by moving the
probe on the sector plane whilst performing the
examination (Auer & Van Velthoven 1990).

A previous attempt to validate the detection of
intraosseous lesions using USE with respect to the
thickness of the bone plate (Adibi et al. 2015) led to a
cut-off measure of 1.1 mm cortical thickness to mask
an intra-bony defect. The model for this experiment
was limited because it consisted of a flat bone surface
where the lesions were created on the opposite side of
the cortex, thus allowing air to enter the artificial
defects from behind. Ultrasound waves in the presence
of an interface between bone and air can undergo
total reflection without exposing the underlying lesion
(Auer & Van Velthoven 1990, Abu-Zidan et al.
2011). This phenomenon does not occur in vivo, and
to avoid the interference of the air and simulate a
clinical setting in this study, the bony defects and
empty spaces between the removed cortical plate and
remaining anatomical block were filled with echo-
graphic gel.

The present work is the first ex vivo experiment
using an anatomical model of artificial periapical
lesions to evaluate the capability and feasibility of
USE in the detection of central lesions, of different
diameters, within the jaws having various thicknesses
of cortical plate involvement. A negative control
group (NCG) was included based on the fact that a
diagnostic test should be able to detect the disease
where it is present and to exclude healthy subjects



Table 4 Statistical correlation between the detectability of the lesions and the different variables

Thinning of the cortical plate

Diameter of the lesions

Presence of perforation

Chi-square (P value) Chi-square (P value)

Chi-square (P value)

Taw

To

Taw

To

Taw

To

Variable

0.0 (P=1.0)*

=0.3112)*

1.026 (P

= 0.3024)*

1.063 (P

= 0.8366)*

0.043 (P

= 0.4705)*

0.521 (P

= 0.6135)*

0.255 (P

Observer 1

1.026 (P = 0.3112)*
0.0 (P=1.0)*

0.0 (P= 1.0)*

0.087 (P = 0.7683)*

0.0 (P=1.0*

0.680 (P = 0.4095)*
1.063 (P = 0.3024)*

0.033 (P = 0.8568)*

0.0 (P=1.0)*

0.574 (P = 0.4487)*
0.521 (P = 0.4705)*

Observer 2

0.0 (P=1.0)*

Observer 3

To. First-time examination; Tay, examination after 4 weeks.

*Not significant, P < 0.05

and thus establish an appropriate health reference
standard (Pope et al. 2014, Kanagasingam et al.
2017b). Furthermore, the second group ol specimens
(PCG) served as positive control group since the artifi-
cial bone lesions of 0.20 mm perforating the cortical
bone plate were directly accessible to the echographic
probe without any acoustic barrier.

In this study, 2 mm was established as the smaller
diameter for the artificial lesions (groups SG2 and
SG4) whilst 5 mm was the larger diameter established
(groups SG1 and SG3). This was based since the early
research comparing the accuracy of CBCT in the
detection of AP with histopathological or surgical ref-
erences rarely considered lesions having a diameter
larger than 2 mm (de Paula-Silva et al. 2009, Patel
et al. 2009b, Tsai et al. 2012). In contrast, periapical
lesions of 5.0 mm in diameter are considered easily
detectable by conventional, 3-D and sonographic
imaging (Barbat & Messer 1998, Liang et al. 2014,
Adibi et al. 2015, Nardi et al. 2017). An important
clinical implication from these results is that both
small and large bone defects can be measured and
located with USE at this experimental setting, also in
the presence of an intact buccal bone plate. Further-
more, the outcome of a treatment could be assessed
by monitoring the reduction in size of a lesion in the
presence of new bone formation during the healing
process.

A limitation of this study was that it was not possi-
ble to use human specimens. Bovine fresh mandibles
were selected because of their high mineral density,
making the examination more difficult than that of
human samples (Alves et al. 1996). Additionally, the
choice of the posterior mandibles was dictated by the
necessity to produce anatomical blocks with a cortical
thickness equal or greater than that of human sam-
ples. Anatomical studies have revealed that the thick-
ness of the human buccal cortical bone in the
posterior mandible has a mean maximum value rang-
ing from 2.32-3.18 mm, with the greatest registered
thickness of 5.25 mm in the apical region of the sec-
ond molar (Baumgaertel & Hans 2009, Al-Jandan
et al. 2013). These thicknesses were considerably
lower than the measurements registered in the pre-
sent study. Another limitation of the present ex vivo
model was the unavoidable presence of artefacts pro-
duced during the harvesting of the anatomical blocks.
The separation of the cortical plate from the cancel-
lous bone produced irregularities on both surfaces at
the cutting line that were visible on the echotomo-
grams, mimicking small lesions. Another artefact was
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caused by the interposition of air when the cortical
plates were repositioned on their anatomical blocks,
creating an acoustic shadow. Lastly, the absence of
soft tissues associated with the anatomical blocks
could have facilitated the detection of the artificial
lesions. Although these results seem promising, fur-
ther studies comparing USE with CBCT should be con-
ducted on humans to investigate lesions of smaller
diameters. Studies performed with different ultrasound
devices could be also useful to standardize the tech-
nique.

Conclusion

The present ex vivo experiment demonstrated that
artificial bony lesions in bovine mandible bones were
detectable with USE in a predictable way and were
independent of the diameter, thickness and presence/
absence of perforation in the buccal cortical plate.
USE could be used to complement the 3-D imaging of
AP.
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Abstract

Objective To assess the potential of ultrasound examination (USE) as an adjunctive method to conventional radiology to evaluate
the healing processes occurring after the treatment of bone lesions of the jaws. The research question was: what is the effective-
ness of USE to evaluate the healing of intra-osseous bone lesions when compared to radiological or clinical examination?
Materials and methods Six databases (PubMed, the Web of Science, Scopus, Embase, the Cochrane Library, and Best Evidence)
were searched from their inception (PROSPERO CRD42019134482). A quality assessment was performed combining the
Downs and Black tool and the Newcastle-Ottawa scale. The risk of bias was calculated using the Cochrane collaboration tool
to assess the risk of bias.

Results A total of 4404 records were screened, and 7 studies meeting the inclusion criteria were included in the systematic
review. USE allowed to evaluate the healing of jaw bone lesions by assessing their reduction in size, the increase in echogenicity
of the affected area, and the progressive decrease\disappearance of the vascular flow signal within the lesions.

Conclusions USE implemented with color power Doppler is an advanced imaging technique feasible to monitor the early and
long-term response of the intra-osseous lesions of the jaws to both surgical and nonsurgical treatment.

Clinical relevance This systematic review brought evidence that USE can constitute a safe alternative imaging technique in the
dental clinical practice for the management of central lesions of the maxillary bones.

Keywords Ultrasound examination - Systematic review - Central bone lesions - Healing - Apical periodontitis

Introduction conventional intraoral radiographs remain the gold standard
for the diagnosis, treatment, and follow-up of AP [3-5]. The
Notwithstanding the variety of different radiolucent lesions  assessment of AP through intraoral radiographs is usually

that can occur in the peri-radicular area of teeth in the maxil-  based on the detection of a radiolucent area, representative
lary bones, most of them are inflammatory in origin [1].  ofthe level of destruction of bone architecture and its mineral
Moreover, despite the increasing accuracy of cone-beam com-  loss caused by the inflammation of the periapical tissues as a

puted tomography (CBCT) in detecting apical periodontitis ~ consequence of the endodontic infection [6-8]. However, the
(AP) [2], the clinical signs and symptoms in conjunction with  term “apical periodontitis” is used to describe all the dynamic
host responses to the infection of the root canal and their

Electronic supplementary material The online version of this article different histological features. Additionally, conventional ra-
(h(tpsE//doi.o.rg/l'O.]OQ7/sOO784-020-Q3339-9) contains supplementary diology is not able to characterize these variables [9, 10]. This
lerieh WA B VRl to-sutheriepd Noers: consideration becomes even more important when following

up the AP response to the root canal treatment. In some cases,
there is no radiological evidence of complete healing (i.e., a
sound periodontal ligament space) even with the remission of
signs and symptoms [4]; moreover, in extensive lesions, the
outcome of root canal treatment may remain uncertain as there
) . are no strict radiological criteria to differentiate apical scar
Department of Endodontology, Academic Centre for Dentistry tissue from AP [4, 1, 12]. Ultrasound examination (USE),
Amsterdam (ACTA), Amsterdam, Netherlands . Wy

also called ultrasonography or echography, is a real-time
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imaging modality based on the propagation of ultrasound
waves towards the organs and tissues. While penetrating
through the tissues, the ultrasound waves are partially trans-
mitted more deeply within the body or reflected back to the
probe as echoes. Traditionally, in the brightness modality (B-
mode), the echoes are converted into light spots on a screen
generating a grayscale 2D image which is a cross-sectional
real-time image of the imaged tissue [13]. Since its introduc-
tion in endodontics, USE has proved to obtain images of AP
and to collect information related to its content [14]. In further
studies, USE, with the addition of the color and power
Doppler (CPD), was applied to differentiate between granulo-
matous and cystic apical lesions using histopathology as a
reference standard [15, 16]. Later studies have employed the
same USE criteria to differentiate AP from other intra-osseous
lesions of the jaws showing promising results [17]. The ratio-
nale behind the use of echography to assess the healing of
intra-osseous bone lesions is that, by gaining information on
the content of the affected area (tissues architecture, vascular-
ity, and mineralization), the clinician would be aware of the
biological phenomena involving the specific anatomical site
following treatment. This systematic review aims to collect
the scientific literature in order to assess the USE potential
as an adjunctive method to traditional radiology to evaluate
the healing processes occurring after treatment of the jaws
bone lesions with special emphasis on AP.

Materials and methods
Protocol and registration

The present systematic review was performed following the
Preferred Reporting Items for Systematic reviews and Meta-
analyses (PRISMA) guidelines [18]. The protocol was pro-
duced and registered in PROSPERO with the Centre for
Reviews and Dissemination at the University of York under
code CRD42019134482.

Information sources and search

The following electronic databases were investigated:
PubMed’s Medline, Embase, Scopus, and the Web of
Science. The research was implemented with a subsequent
additional search on the Cochrane Library and Best
Evidence databases. The research strategy comprised the fol-
lowing keywords coupled with Boolean operators and orga-
nized as the following research algorithm for the databases
search (Supplementary Table 1):

(Ultrasound Imaging OR Echography OR Ultrasonography)
AND (Healing) AND (Apical Periodontitis OR Periapical OR
Jaw)

The references of the studies selected for the review were
screened manually in order to detect other relevant papers. In
addition, gray literature was searched through appropriate da-
tabases and registers.

The search within the databases was conducted indepen-
dently by two of the reviewers (D.M. and M.B.) from July 15,
2019, to August 15, 2019.

Eligibility criteria

The review question was formulated as a PICO (P, patients
with jaw bone lesions'apical periodontitis; I, ultrasound exam-
ination; C, traditional radiology and'or clinical examination;
0O, effectiveness) in the following way: What is the effective-
ness of USE to evaluate the healing of the affected area after
treatment, when compared to the radiological and clinical ex-
aminations in patients with maxillary bone lesions?
The inclusion criteria were as follows:

1) Studies assessing the healing of central jaw lesions with
the ultrasound imaging technique.

2) No restrictions for language or date were applied to the
research.

3) Studies with human participants.

The exclusion criteria were the following:

1) Studies using ultrasounds for other purposes than moni-
toring the healing of lesions in the maxillary bones

2) In vitro, ex vivo, and animal studies

3) Reviews, conference papers, or letters to the editor

Study selection

In the first phase, two calibrated reviewers (D.M. and M.B.)
eliminated the duplicates from the database search by using
the EndNote basic software (Thompson Reuters, New York,
NY). In the second phase, the two reviewers screened the
records according to the titles and abstracts to exclude studies
not meeting the eligibility criteria. Those papers included from
the previous steps were then assessed independently of their
full text. In case of disagreement between the two reviewers, a
discussion was carried out in order to reach a mutual agree-
ment. When a consensus was not reached between the two
reviewers, a third trained researcher (E.C.) was involved in
the discussion in order to reach a definite agreement.

Data collection process and data items
A data collection sheet was created to gather all the relevant

characteristics of the studies (Table 1). The specific items ex-
tracted and organized in the table were the following: (1) author
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and year of publication, (2) sample characteristics (number of
patients and male\female ratio), (3) number of teeth involved,
(4) population age (range and mean), (5) anatomical position of
the lesions with respect to the teeth (anterior\posterior,
upperilower), (6) type of treatment performed (orthograde or
surgical root canal treatment), (7) model of ultrasound appara-
tus, (8) specialization of the examiner who performed USE, (9)
type of probe and position of the probe on the patient (intra- vs
extra-oral), (10) frequency of the ultrasounds expressed in
megahertz (MHz), (11) preoperative USE (yes\no) and preop-
erative ultrasound diagnosis, (12) ultrasound outcome parame-
ters (echogenicity'size'vascularity), (13) follow-up with USE,
(14) overall follow-up time, (15) term of comparison, (16) out-
come on the effectiveness of USE in monitoring the healing of
lesions in the maxillary bones (+\-). Each reviewer filled the
table independently, and then the data selected by each reviewer
were confirmed and cross-checked by the other investigators.
Missing or unclear data from the included studies were request-
ed by contacting the corresponding author.

Quality assessment in individual studies

Two calibrated reviewers (D.M. and M.B.) assessed the meth-
odology and quality of the eligible studies through relevant
quality appraisal tools for non-randomized clinical studies.
The Newcastle-Ottawa scale and the Downs and Black tool
were used in conjunction [19]. The quality appraisal checklists
were used to elaborate a scoring system, where each item was
scored as 0 if the item was not fulfilled, 0.5 if partially ful-
filled, or 1 if it was completely fulfilled. Studies were consid-
ered of low quality (score < 12), moderate quality (score be-
tween 12 and 24), and high quality (score > 24) [20-22].

Summary measures

The diagnostic ability of USE to predict and monitor the
healing of the affected area following treatment of intra-
osseous bone lesions, when compared to other clinical and
radiological observations, was considered the main outcome.

Risk of bias across studies

The risk of bias of the included studies was assessed using the
Cochrane collaboration’ tool [19] by two calibrated reviewers
(D.M. and M.B.). The tool items were scored as 1 if the item
was considered as fully fulfilled, as 0 if the item was clearly
unfulfilled, and as 0.5 if the item was unclearly or only par-
tially fulfilled. Studies with a score <2.3 were considered as
having a high risk of bias, with a score between 2.4 and 4.6 of
moderate risk of bias, whereas studies with a score > 4.7 were
considered as having a low risk of bias.

Synthesis of the results and additional analyses

A qualitative synthesis of the results was performed based on
the data collected from the included studies. Such studies were
analyzed in two groups to decrease the heterogenicity of the
findings: those studies evaluating the healing of bone lesions
by USE following root canal therapy (RCT) or those follow-
ing surgical treatment. A meta-analysis would be additionally
performed, depending on the data available.

Results

The papers recorded were 3881. The records identified
through Embase, Scopus, PubMed, and Web of Science
were 134, 77, 3650, and 19, respectively. The screening
process was performed through the software EndNote (X7
version) (Thompson Reuters, CA, USA) on August 15,
2019. In phase 2, the duplicates removed from Embase,
Scopus, PubMed, and Web of Science were 27, 22, 544,
and 2, respectively. The authors checked 1595 titles, and
the final selection was made based on the titles and ab-
stracts independently evaluated by two investigators (D.M
and M.B). A subsequent additional research on the
Cochrane Library and Best Evidence produced 524 re-
cords, 420 of which were duplicates and the remaining
104 were excluded since they did not meet the eligibility
criteria. According to the inclusion criteria, 7 full text
articles were included from the electronic search, while
1 full text was included [23] from a complementary man-
ual search. The latter was then excluded [23] because of
the presence of duplicated cases from the same author in
the 2011study [24] (Fig. 1). Possible disagreements were
solved involving the third reviewer (E.C.), an expert in
endodontology and oral radiology. All the 7 articles in-
cluded in the qualitative synthesis were non-randomized
clinical studies which monitored healing of intra-osseous
lesions of the jaws after surgical and nonsurgical treat-
ment in humans with USE [23-29]. The sample sizes
ranged from three [25] to 21 patients [26] comprising 5
[27] to 26 teeth [26], and there was female predilection.

Quality assessment

Two reviewers (D.M. and M.B) completed the critical
appraisal of the studies combining the two checklists with
the “Downs and Black scale” by analyzing the study qual-
ity, external validity, study bias, confounding and selec-
tion bias, and power of the study, while the New Castle-
Ottawa scale assessed three domains: selection of study
groups, comparability of groups, and ascertainment of ex-
posure/outcome. Three studies showed high quality [26,
28, 29] and four studies showed moderate quality [24, 25,
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27, 30] (Fig. 2). Considering the lack of studies investi-
gating this topic and the high to moderate quality of the
relevant studies, all 7 non-randomized clinical studies
were included to obtain the best and most comprehensive
evidence available.

Fig. 2 Quality assessment of the
included studies following the
Newecastle-Ottawa scale and the -
Downs and Black tool

Rajendran &
Sundaresan 2007

Aggarwall & Singla  Tikku et al. 2010
2010

Records excluded
(n=1692)

Full-text articles excluded,
with reasons
(n=1)

Results of the individual studies

The data collected from each study are reported in Table 1.
The lesions were more often documented in the anterior max-

illa [24, 25, 27, 28], followed by anterior mandible [28], and

®High = Moderate ®Low

Maity etal, 2011  Cwversetal, 2017  Cottiet al, 2018 Zaineddeen et al.
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mixed locations [26, 29, 30]. Six investigations were per-
formed on endodontic lesions and one [30] on two
dysembriogenetic cysts. Healing was evaluated following
clinical RCT in [24, 25, 27], or surgery [28-30], while one
research combined surgical and nonsurgical cases were
followed-up [26]. The USE was performed by an expert radi-
ologist [23, 25-27, 29], a trained endodontist [29], or not
specified [25]. Different ultrasound devices were used.
During the exams, the probe was positioned intra-orally [24,
27], extra-orally [28, 29], either way, depending on the case
[26], or not specified [25, 30]. The frequency of the ultra-
sounds (high frequency, =5 MHz) was described in 6 articles
[23-27]. All studies performed an initial USE, but only 4
[23-25, 29] presented a preoperative echographic diagnosis.
The parameters analyzed to monitor healing of the lesions
were echogenicity [23-29], size [23, 25-29], and vascularity
[23, 25-27, 29] of the areas. The timing of the echographic
follow-up varied from 1 week [25, 27-29] to 36 months [25].
One author relied only on USE to assess healing of bone
lesions [29], while the other studies confirmed healing with
both radiological findings and clinical parameters [23-26],
conventional radiology [24-28], or CBCT [25, 30].

Synthesis of the results

The echographic findings were clustered into two categories
according to the treatment performed:

1. Root canal treatment. Ultrasound examination allows to
evaluate the healing of AP following RCT by predictably
showing: the reduction in size of the lesions [24, 26, 27],
the increase in echogenicity, using a grayscale standard
reference in B-mode [23-26], and the progressive
decrease\disappearance of the vascular signal of the le-
sions at both color and power Doppler [24, 26, 27] when
compared to clinical and radiographic findings.

2. Surgical treatment. Ultrasound examination can be con-
sidered effective to evaluate healing of the maxillary
bones, after surgical excision of the lesions [26, 28-30].
Healing after the enucleation of the lesion was described
within the USE scans as follows: initial increase in size
[28, 29] and vascularity of the bone cavities [26, 28, 30],
progressive reduction of the areas [27-29], gradual in-
crease in echogenicity in B-mode (anechoic to
hyperechoic) [27-29], and progressive decrease of the
vascular signal, until disappearance, on color Doppler
[28, 30] or with the color power Doppler [26].

Risk of bias

Based on the Cochrane Collaboration’s tool for assessing the
risk of bias [19], the authors judged each article as low,

moderate, and high bias risk. Figure 3 summarizes and docu-
ments the limitations in the studies which were categorized by
two independent and calibrated reviewers (D.M. and M.B.)
who resolved their disagreement by discussion. Most re-
searches showed a low risk of bias, while two studies [24,
25] showed a moderate risk of bias.

Additional analysis

The study characteristics and the data collected from the arti-
cles were not homogeneous in terms of exposures and out-
comes and could not be included in a meta-analysis.

Discussion

This systematic review aimed to investigate the best available
evidence on the use of USE in the assessment of maxillary
bone lesions healing. The role of USE in monitoring bone
healing of the jaws has been previously described to evaluate
the surgical wound in the distraction osteogenesis of the man-
dible [30-35], a procedure requiring the precise determination
of bone regeneration for a safe removal of the distraction de-
vice [31, 32, 35]. While earlier studies demonstrated USE to
be reliable in the measurement of the corticotomy gap and in
the detection of new bone apposition [35, 36], more recent
clinical reports proved that USE can be equally adequate in
the measurement of the osteotomic gap [31] and more accu-
rate in the evaluation of the callus maturity [31, 32] with
respect to traditional radiology. In the healing model presented
for the distraction of the mandible, the anechoic gap of the
surgical wound is first filled with echogenic material (new
bone matrix) [34], followed by increasing echogenic areas
after 1 week (bony islands), and by a hyperechoic barrier
(outer cortical bone) at the completion of mineralization [31,
32]. The results of the present systematic review confirm that
grayscale USE is an efficient tool for the early assessment and
the long-term monitoring of bone healing after treatment of
the intra-osseous lesions of the jaws. New data on the vascular
response to treatment of the diseased site were also collected
and analyzed in this work.

In the four studies conducted on surgical cases [26, 28-30],
all lesions were completely removed. Consequently, USE
evaluated the healing of the residual bone defects. The post-
surgical healing process described with USE is characterized
by the progressive decrease in the defect size of the areas, as
well as by the reduction\disappearance of the CPD vascular
signal. However, a temporary increase of the vascular signal
may appear in 1-week follow-up [26, 28, 30]. This finding
may be explained by the inflammatory response generated
after the surgical trauma, essential for the removal of the sur-
gical debris and the beginning of the repair pathways [26, 28,
30, 37]. The vascular signal is then reduced after 4 weeks [26],
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with the extinguishing of the acute inflammation phase and
the increase of bone deposition [29, 30]. At 6 months, the
complete bone formation is characterized by extreme reduc-
tion or absence of the vascular signal as CPD could not pen-
etrate the sound bone [27, 28]. After 1 week, a slight increase
of the postsurgically bony defect may also occur, and this is
explained by the curettage performed on the bony walls dur-
ing surgical procedure [28]. It has been also noticed that early
mineralization and bone deposition may be seen more preco-
ciously in USE than in CBCT [30] and traditional radiology
[28]. As far as healing time, newly formed, scattered calcifi-
cations may be detected as early as 1-week postsurgery within
the anechoic defects and can be interpreted as nucleation cen-
ters starting at the deepest point of the bony crypts [29].

Similarly to the surgical cases [27-29] and independent-
ly from the preoperative diagnosis, the lesions undergoing
long-term healing following clinical treatment (RCT) at the
B-mode USE exhibit the progressive decrease in size and
the gradual increase in the echogenicity of the area,
depicting the gradual maturation and mineralization of
the bone matrix [31]. These changes in the grayscale signal
support the evidence of the repair process and represent a
common feature of hard tissue healing in orthopedics [38].
Conversely, the unhealed cases [24] show both the lack of
transition in echogenicity and the increase in the size of the
lesions. On the other hand, when a large periapical bone
defect undergoing healing at 30-36 months was still show-
ing hypoechoic areas within the new bone formation, the
presence of apical scar tissue was suggested [25]. These
last findings support the sensitivity of the USE to interpret
the different responses of the bone, as demonstrated in
previous studies on surgery in the jaws, where stagnation
of fluids within the wound, lack of bone bridging, and
absence of ossification were detected with ultrasounds
[34, 35].

= score 0.5,

The CPD analysis of the vascular signal in the
follow-up of the nonsurgical cases [24, 26, 27]
highlighted a correlation between the decrease or loss
of the vascular signal and the healing of the periapical
lesions [24, 26]. In healed cases, the CPD signal may
completely disappear within 6 months [27]. These data
are in accordance with previous studies that demonstrat-
ed that the formation of a new cortical layer prevents
ultrasound waves from reaching deeper tissues [38] and
that during the bone remodeling process in fracture
healing, no Doppler signal is present when a strong
callus has developed [39]. Nevertheless, the continuous
presence of vascularity at the CPD, after 6 months,
within the context of a healing trend, is indicative of
the lack of complete ossification [27]. It appears that
the healing of apical granuloma is characterized by the
progressive decrease of the vascular signal, at CPD,
interpreted as the transition from an inflamed reactive
tissue to a healthy connective tissue. These changes
may be detected as early as 1 to 4 weeks [26] and at
3 months posttreatment [24]. The repair trend of the
cystic lesions does not involve early modification of
the vascular features at 1 to 4 weeks [24]. Instead, it
is related to the proliferation of blood vessels within the
former cystic areas at 6 weeks, followed by the progres-
sive decrease of the CPD signal at 3 months, with the
deposition of new bone material, until its disappearance
at 6 months with the completion of the ossification.

To our knowledge, we are the first to perform a
systematic review that assessed the effectiveness of
USE to evaluate the healing of intra-osseous lesions of
the jaws after both surgical and nonsurgical treatment
providing the most comprehensive and highest level of
evidence on this topic. The strength of this systematic
review relies on its adherence to the PRISMA



guidelines and to the a priori registration of the review
protocol with the PROSPERO database, which seems to
be associated with a higher quality reporting rate and a
lower outcome reporting bias [40, 41].

Limitations

The main limitation of this systematic review comprised
the heterogenicity among the studies performing USE to
monitor the healing of intra-osseous bone lesions. Indeed,
the individual study designs showed differences in factors
concerning the sample characteristics such as patient fea-
tures (sex, age) and the anatomic location of the lesions.
Although a preoperative USE was performed at the begin-
ning of each protocol, only 4 out of 7 studies attempted a
preoperative diagnosis. As for the intra-operative factors,
several differences in terms of the ultrasound devices used
in the echographic examinations, as well as the type and
position of the probe and frequency used, were present.
Another main limitation was characterized by the lack of
standardization in the follow-up time with the USE with
protocols varying from 4 weeks to 36 months. New ran-
domized clinical trials should be designed, taking into
account the differences among the operators when
performing further studies on this topic (radiologist vs
dentist).

Conclusions

The USE implemented with CPD is an advanced imaging
technique feasible to monitor the early and long-term response
of the intra-osseous jaw lesions in both surgical and nonsur-
gical treatment. Although the heterogenicity in the study de-
signs, the overall quality of the literature screened was high to
moderate.

Clinical relevance

From the perspective of the growing attention towards
minimally invasive dentistry and radiology, the possibility
to introduce safe alternative imaging techniques not expos-
ing the patient to ionizing radiations is of primary interest
in the clinical practice. The results of our work demon-
strate the effectiveness of USE in the follow-up of central
lesions of both inflammatory and dysembryogenetic origin
after treatment. In the near future, clinicians could experi-
ment the introduction of the clinical echography in their
daily practice to diagnose and monitor the intra-osseous
bone lesions of the maxillary bones.
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This thesis aimed to evaluate the clinical applications of ultrasound examination to manage various
intraosseous lesions affecting the jawbones. Ultrasound imaging provided reliable information on the content
of lesions within the mandible and maxillary bones, with histopathological examination as a gold standard.
Furthermore, the diagnostic ability of ultrasound showed its importance when the clinician was struggling to
differentially diagnose lesions. The reliability of real-time ultrasound examination was confirmed in the
management of complications of infective jaw lesions, since the technique could detect and trace the route of
pus drainage (e.g., sinus tracts) from periapical lesions. The present work also demonstrated that, despite the
limitations addressed in previous scientific literature, intra-osseous lesions in the jaws can be visualized using
ultrasound in a predictable manner, independent of the diameter, thickness, and presence/absence of
perforation in the cortical plate. In addition, the findings of the present thesis suggest that echography can be
used to predict the outcome of both surgical and non-surgical treatment of bone lesions, as well as to monitor

the long-term healing of such lesions.

Clinicians must accurately assess osteolytic lesions arising in the maxillary bones, because many such lesions
are manifestations of benign or malignant neoplasms, although most have an inflammatory cause, especially
those involving the periapex (Becconsall-Ryan er al. 2010, Huang et al. 2017). Furthermore, most non-
endodontic lesions observed clinically and radiographically as sequelae of pulp necrosis can only be diagnosed
retrospectively once a histological diagnosis has been made (Kontogiannis et a/. 2015). Chapters 2 and 3
highlighted how traditional radiological imaging and CT provide limited information on the content of lesions,
especially if no contrast medium is used. In contrast, ultrasound examination provides information about the
characteristics and vascularity of the pathological tissue within bone lesions. These technical features may play
a major role in preliminary differential diagnosis of before histopathology is carried out, particularly since
such lesions are often not easily or readily accessible to direct clinical examination. The evidence provided in
Chapters 2 and 3 was directly assessed by our research and clinical team, while in Chapter 4, we expanded
the research to include the experience of other researchers by collecting all relevant clinical studies that focused
on whether ultrasonography can be used in the differential diagnosis of jaw lesions—from case reports to non-

randomized clinical studies. In all studies, histopathology evaluation was used as the gold standard reference.

The potential use of ultrasound imaging as a diagnostic aid in the maxillofacial area was further investigated
in Chapter 5. Indeed, cutaneous sinus tracts of endodontic origin are often misdiagnosed and subjected to
invasive and unnecessary interventions, such as surgical excisions and biopsies (Shobatake et al. 2014). The
traditional diagnostic approach to disclose the origin and pathway of sinus tracts involves inserting an
orthodontic wire or gutta-percha cone through the opening of the tract, followed by a periapical radiograph of
the area (Bender & Seltzer 1961, Baumgartner ef al. 1984). This procedure is invasive and can damage tissues,
creating discomfort in the patient and stress in the clinician. For these reasons, other diagnostic tools, such as
CBCT, have been investigated. Unfortunately, although CBCT is less invasive than the traditional procedure,
it involves ionizing radiation and does not produce a direct image of the sinus tract. Instead, it only shows the

pattern of the cortical plate perforation that leads to the periapical lesion (Shemesh et al. 2019). Chapter 5



was the first experimental case-control study to show that ultrasound examination can directly visualize sinus

tracts of endodontic origin and trace their pathways.

While Chapters 2, 3, and 5 focused on the role of echographic imaging in the diagnosis of jawbone lesions,
Chapters 4 and 7 analyzed the prospective use of ultrasound examination to assess outcomes following
treatment of these lesions. The rationale was that the longitudinal assessment of healing is traditionally based
on clinical examination alongside follow-up radiographs (Zainedeen et al. 2018, Torabinejad et al. 2018).
However, healing assessment using intraoral radiographs is based on the reduction of the radiolucent area,
which represent the level of bone architecture destruction and mineral loss; little information can be obtained
about dynamic host responses, such as vascular and cellular behavior in the affected area following treatment.
This is important when no radiological evidence of complete bone healing is obtained, even in cases where
remission of signs and symptoms has occurred, because no standardized radiological criteria are available to
differentiate scar tissue from residual diseased tissue (Zainedeen ef al. 2018, Marton & Kiss 2014). In addition,
little information is available about the early response of periapical lesions to endodontic interventions; thus,
the purpose of the clinical experiment in Chapter 4 was to evaluate the effectiveness of color and power
Doppler ultrasound to detect early changes in the size, echogenicity, and vascular supply of periapical tissues,
as well as to predict the outcome of endodontic treatment. The rationale was that initial variations within and/or
around the affected area may indicate the response of periapical tissues to a healing trend. Chapter 7 was the
second chapter of the present thesis to investigate the use of ultrasound imaging for follow-up of intraosseous
lesions of the maxillary bones. As in Chapter 3, we expanded our research through systematic review, drawing
on the best and most comprehensive available scientific evidence to ascertain whether ultrasound examination
could depict both the early and the long-term responses to treatment of osteolytic lesions in the jaws, with
traditional radiological and clinical examinations used as the gold standard. Thus, Chapters 3 and 7 explored
whether ultrasound examination could be used to diagnose and follow up intraosseous bone lesions in the jaws.
These chapters highlighted both the strengths and the limitations of the technique, as addressed by different
clinical studies in which the lesion could not be visualized. Several of these investigations objected to the use
of ultrasound. However, the objections were mostly speculative, since they were not verified directly. Chapter
6 clarified the limitations of ultrasound imaging. It was the first study to test the technique using an anatomical

model that could simulate the physical obstacles that hinder clinicians during actual examination.

Different methodological approaches were chosen to provide a more extensive insight into the possible clinical

applications of ultrasound examination for jawbone lesions.

Since Chapters 3 and 7 summarized the two most relevant clinical applications of the technique, they were
structured as systematic reviews of the literature. This allowed appropriate, evidence-based conclusions and
recommendations to be drawn. To ensure that the findings of the systematic reviews were properly interpreted
and applied to clinical practice, both protocols followed the Preferred Reporting Items for Systematic Review
and Meta-Analysis (PRISMA) guidelines (Nagendrababu et al. 2018, Moher et al. 2009). The investigations
of the literature were guided by the “PICO” questions, where the effectiveness of the ecographical
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interventions (I) was compared to the appropriate gold standards (C)—histopathology for differential diagnosis
and long-term clinical and radiological follow-up for healing assessment. The studies had comparable research
strategies within the electronic databases and collateral sources, as well as similar inclusion and exclusion
criteria, data extraction, and data synthesis strategies. Specifically, only clinical studies on humans were
included, and most were non-randomized clinical studies. In Chapter 3, e¢leven case reports were included,
along with non-randomized clinical studies that had qualitative synthesis, to collect the most comprehensive
available evidence. Case reports are generally considered low in the hierarchy of evidence, and they have low
specificity for decision-making in healthcare. However, they can provide important or additional insights into
everyday clinical practice and convey early information about unique or more effective management regimens,
leading to improved decision-making about treatment options (Nagendrababu ef a/. 2018). In the present study,
the quality of the case reports was critically appraised using the CAse REport (CARE) guidelines, which were
published to standardize the reporting of case reports in medicine and surgery and ensure they were accurate,
complete, and transparent (Gagnier et al. 2013). According to these principles, also Chapter 2 was structured
following the 13 items of the CARE checklist. The appraisal of the non-randomized clinical studies differed
between the two chapters. In Chapter 3, the critical appraisal was performed to assess the directness of
evidence and the risk of bias. In Chapter 7, the quality assessment was performed more extensively. The
Newecastle—Ottawa Scale and the Downs and Black tool were used in conjunction, as suggested in the Cochrane
Handbook, because no consensus statement is available about the appraisal of non-randomized clinical studies
(Higgins et al. 2011). In addition, the Cochrane Collaboration’s tool was used in both studies to assess the risk
of bias. Overall, the studies reviewed in both chapters demonstrated a high to moderate quality and a low risk
of bias. The results of the two chapters showed a positive correlation between the intervention investigated
(ultrasound examination) and the outcome measures. Interestingly, in both protocols, the studies that focused
on AP had comparable study designs and similar approaches to collecting and presenting the raw data, whereas
the evidence available about other lesions of the jaws was not as robust, perhaps because AP is the most
prevalent osteolytic lesion of the jawbones (Becconsall-Ryan ef al. 2010, Bilodeau &Collins 2017). In contrast,
the data collected in both chapters varied in terms of exposure and outcomes, so they could not be conflated
into a meta-analysis; thus, they were summarized in a qualitative synthesis. Although the results of Chapters
3 and 7 are promising, some articles may have been missed in the systematic search, especially articles among
the gray literature or findings from non-English journals. Furthermore, studies involving a new diagnostic
technique can be easily affected by publication bias, since studies presenting positive results are more likely

to be published than those exhibiting null results (Dickersin 1990).

Three other chapters of the thesis were clinical studies performed on human patients, while Chapter 6 was an
ex vivo study. Ultrasound examination and analysis were always performed by an expert sonologist in
Chapters 2 and 4. However, since the present work aimed to evaluate the possible introduction of ultrasound
imaging in daily dental practice, the principal investigator in Chapters 5 and 6 was one of the experimenters,
under guidance from an experienced sonologist. Three distinct ultrasound machines were used for the different

experiments. In Chapters 4 and 5, all echographic examinations were performed using either an Elegra



(Siemens, Erlangen, Germany) or an Aplio XG (Toshiba Medical Systems, Crawley, UK), which have regular
or small, linear, high-definition, multifrequency ultrasound probes. As specified in the chapters, to ensure that
both units were available during the main experiment, and to avoid confounding data, the two linear
multifrequency probes of 7-9 MHz and 8-12 MHz were coupled with the Elegra Siemens and Toshiba Aplio
XG. In this way, equivalent output scans could be generated during the calibration. In Chapter 2, only one
lesion was assessed, and only the Toshiba Aplio XG apparatus was used with the ultrasound probe at 8§—12
MHz. The choice of linear multifrequency probes in these experiments was justified, because lower
frequencies can penetrate deeper within bone defects, whereas higher frequencies provide better resolution
scans of early vascular and grayscale changes; they also permit soft tissues and sinus tracts to be visualized. In
general, it is not the apparatus itself, but rather the setting of the probe with the machine that decides the quality
and characteristics of the images. For these reasons, probes with specific characteristics were selected, after
calibration within the two machines to obtain the same kind of images. Although several studies have
investigated ultrasound imaging in endodontics and oral surgery (Chapters 3 and 7), there is currently no
fixed standardization for the setting of probes, because a given frequency may be suitable with a machine but
not another. A third device was used in Chapter 6: a Toshiba Medical-Aplio 1700 (Toshiba, Tokyo, Japan),
which has a high-frequency linear transducer at 4.5 MHz to increase the penetration of the ultrasonic waves
through the cortical bone plates. In this chapter, the frequency of the probe was kept low because it was not

necessary to obtain detailed images of changes within the lesions or soft tissue.

The scans collected from the real-time examinations in Chapters 4—6 were submitted to a group of observers
under the same conditions: TIFF images in a randomized order, organized as a PowerPoint presentation
(Microsoft Office 2013; Microsoft Corporation, Redmond, WA, US) on a laptop computer (Dell Inc., Round
Rock, TX).

In Chapters 5 and 6, the reliability of the readings was assessed through blinding of the observers, who were
calibrated using images of subject material not included in the studies. In both experiments, the observers were
calibrated using kappa statistics until they all obtained at least good agreement with the main examiner. In the
present thesis, Cohen kappa values of 0.01-0.20, 0.21-0.40, 0.41-0.60, 0.61-0.80, 0.81-0.99, and 1,
represented slight, fair, moderate, substantial, almost perfect, and perfect agreement, respectively. In both
studies, the blinded observers were asked to identify the presence or absence of a sinus tract or bone lesion, as
well as to validate the diagnosis by tracing the boundaries of the lesions and sinus tracts on the echographic
scans using a computer program. During the first session, the kappa value was used to determine how well the
observers agreed with each other. To evaluate the inter-observer agreement a second time, as well as to
establish intra-observer agreement, the same examination was repeated for 100% of the echographic scans
after 2 weeks in Chapter 5 and after 4 weeks in Chapter 6. The second session was performed by changing
the randomized order of the scans and waiting a sufficient amount of time to limit recall bias. In both
experiments, the inter-observer agreement was very high (from 0.86 and 0.89 in Chapter 6 to 0.9 in Chapter
5). The intra-observer agreement was as high as 0.92 in Chapter 6 and perfect (1.0) in Chapter 5. These slight

differences between the two studies probably arose because a larger number of observations were made in
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Chapter 6 than in Chapter 5 (60 and 20, respectively), and because there was a greater number of blinded
observers (3 vs. 2). These results are considerably better than those of conventional radiographs, where the 2D
reading of a volume produces a discrepancy when considering inter-observer agreement, in which there is less
than half agreement, and intra-observer agreement (72%—-88%) in the diagnosis of an osteolytic arca (Goldman
et al. 1972, Goldman et al. 1974). Indeed, our agreement data are even higher than those of Tewary et al.
(2011), who reported only a fair agreement (0.2—0.4) in the interpretation of digital radiographs using inter-
observer examinations, with less than 25% agreement for all radiographs. In addition, the intra-observer
reliability ranged from 41%-85%, with an average of 68% for all examiners (Tewary ef al. 2011). In the
present study, the inter- and intra-examiner agreement in Chapters 5 and 6 were comparable to those reported
by two ex vivo human studies that used CBCT (Patel et al. 2009, Al-Nuami ef al. 2016), probably because both
these studies were 3D in nature, as was the present study. Indeed, ultrasound examination is also called echo-
tomography; thus, the image of the anatomy crossed by the ultrasound waves appears simple and easier to

interpret than other 2D imaging methods.

In clinical studies, the examiners were able to detect all the lesions in real-time. However, there were some
limitations in these results because both performance and detection bias were present in Chapters 4 and S,
the examiners were aware of the presence or absence of the lesion to be detected. In Chapter 6, the presence
or absence of a lesion was not explicitly communicated to the examiners; however, these features were easily
inferred from the characteristics of the anatomical blocks. Therefore, to evaluate the diagnostic accuracy of
this imaging technique, statistical analysis was performed on the observations of the blinded observers. Our
results showed that ultrasound examination was 100% accurate in diagnosing the absence of disease (100%
specificity) and that it had an extremely low chance (0%; positive predictive value = of 1.0 ) of over-diagnosing
the presence of disease. In addition, the accuracy of the two studies was comparable, with mean values of 97.5
in Chapter 5 and 97.8 in Chapter 6, perhaps because the observers underwent calibration training and
exercises prior to the ultrasonographic assessment, which consolidated their ability to identify both the sinus
tracts and the bone defects. In Chapter 6, in the presence of sound bone intra-bony lesions, complete reflection
of the ultrasound waves occurred. Nevertheless, ultrasound examination revealed lower values of sensitivity
(95%-97.3%) and negative predictive value (0.89-0.96), demonstrating that it can accurately diagnose the
incidence of lesions, but that false negatives conferred a risk of missing disease in 4%—11% of cases. Despite
these shortcomings, the accuracy, sensitivity, and negative predictive value were higher than those reported
for digital and film periapical radiographs, and similar to those reported for CBCT (Leonardi Dutra ez al. 2016,
Kanagasingam ef al. 2017a, Stavropoulos &Wenzel 2007). In addition, negative controls were used in all the
experimental protocols of Chapters 4—6, since a diagnostic test should detect disease where it is present and
exclude healthy subjects, thus establishing an appropriate reference standard (Pope er al. 2014,
Khanaghasingam et al 2017b).

The low number of cases was the main limitation to the statistical significance of the studies in Chapters 4
and 5. Nonetheless, to assess the power of the associations obtained through ultrasound examination, a

statistical test was performed; given the small number of observations, the Fisher’s exact test was chosen.



Indeed, this test requires 2 x 2 contingency tables, a number of observations < 30, and cells with expected
frequencies < 5. The P-value was set to < 0.05, since statistical convention states that studies with a small
sample size have a 5% probability of refusing the null hypothesis. In Chapter 6, the significance of the findings
was appraised using chi-square statistics with the Yates correction. This correction was applied considering
the total number of observations (n = 60). Even in this chapter, a P-value < 0.05 was considered statistically

significant.

Conclusions and future research

In recent years, clinicians have shown increasing interest in minimally invasive dentistry and radiology, and
many have sought safe, alternative imaging techniques that do not expose the patient to ionizing radiation. The
results of this thesis validated the effectiveness of ultrasound examination and, in the near future, clinicians
could introduce clinical echography into their daily practice to diagnose and monitor intraosseous maxillary
and mandibular lesions. If perfected, the technique could also be used in experimental studies to evaluate the
response of jawbone lesions to different treatment products and techniques. However, further investigations

are needed to standardize the procedure before it can be introduced into conventional dental examination.
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Summary and conclusions

This thesis focused on the clinical applications of ultrasound examination to manage intraosseous jawbone
lesions. The various protocols of this work were conducted with several different study designs to confer a
better understanding of the potential of this imaging technique, as well as a robust insight into its strengths and
limitations.

Chapter 2 followed the CARE guidelines to report the management of a complex case of traumatic bone cyst
combined with apical periodontitis, wherein a multi-modular diagnostic assessment was performed, which
included ultrasound examination. The study found that, through real-time ultrasound examination with color
and power Doppler, the lesion was visualized as cystic (transonic/anechoic, well-defined cavity), with no
evidence of central vascularization and a strong peripheral power Doppler signal indicating a layer of
vascularized and inflamed tissue in the walls of the lesion. All these features were confirmed following surgical
exploration and biopsy. The study demonstrated a positive correlation between echographic diagnosis and
histopathological findings.

Chapter 3 carried out a systematic review that aimed to analyze the efficacy of ultrasonography in the
differential diagnosis of jaw lesions, using histopathology evaluation as the gold standard reference. The study
sought to define the potential of this tool in the oral and maxillofacial regions. A total of 704 records were
identified through electronic searches (503 from PubMed’s MEDLINE, 59 from Scopus, 116 from Embase,
and 26 from BIOSIS citation index). Once duplicates were removed, the titles and abstracts were screened.
Next, 64 full-text papers were assessed for eligibility, and 22 full-text articles were included in the qualitative
synthesis, according to the inclusion and exclusion criteria. The study determined that ultrasound examination
has been used effectively to diagnose infective and/or inflammatory lesions, cysts, non-odontogenic tumors,
odontogenic tumors, and arteriovenous malformations, as well as to differentially diagnose lesions of
endodontic origin, with histological analysis as the gold standard. These findings confirmed that ultrasound
examination is a viable adjunct to other special tests for diagnosing intraosseous lesions of the jaws, as it is
non-invasive and does not involve ionizing radiation exposure.

Chapter 4 aimed to assess the possibility of detecting early vascular changes in apical periodontitis using
color-power Doppler ultrasound examination, as well as to establish a correlation between the early response
of periapical lesions to treatment and subsequent healing. Periapical lesions were examined using echography
before endodontic treatment, when a preoperative differential diagnosis between cystic and granulomatous
lesions was performed. The examination was repeated | week after the first access to the endodontic system,
as well as 4 weeks after the completion of the endodontic treatment. The vascular modifications were then
correlated with long-term clinical and radiographic follow-up. It was concluded that the decrease or
disappearance of vascular flow observed 4 weeks after endodontic treatment was significantly related to
healing of the lesions. However, combining the data with the preoperative echographic diagnosis, this
association was only demonstrated for apical granuloma.

The aim of Chapter 5 was to evaluate whether sinus tracts of endodontic origin could be detected and their
routes traced using real-time ultrasound examination. To our knowledge, this was the first experimental study
to assess such an application of ultrasonography. In the experiment, the two calibrated examiners performed
echography on 10 patients who had apical periodontitis with a sinus tract and 10 control patients who had a
periapical disease without a sinus tract. The images were then submitted to two blinded observers, who were
asked to diagnose the presence of a sinus tract and to trace it with a computer program. The study showed that



the examiners detected apical periodontitis in all examinations, and that they traced all the pathways of the
sinus tracts in real time. The technique showed very high intra- and inter-observer agreement between the
blinded observers. Data analysis showed that ultrasound examination is an accurate technique to describe and
trace sinus tracts of endodontic origin. In addition, the 3D mode enabled reconstructions of more complex
paths, and the color-power Doppler ultrasound revealed the vascularity surrounding the lesions within the soft
tissues.

Chapter 6 aimed to evaluate the accuracy of ultrasound examination to detect small and large artificial bone
defects with incomplete erosion of the cortical bone plate, as well as to determine the minimum cortical
thickness that constitutes a barrier for ultrasound waves. To our knowledge, this was the first ex vivo study
evaluating this association. Sixty bovine anatomical blocks were harvested and uniformly distributed among
the six experimental groups. Two examiners could detect all bone defects with ultrasound examination
performed in real time. Three calibrated, blinded examiners analyzed the scans independently and
demonstrated high reliability. The ultrasound examination obtained very high values of accuracy, sensitivity,
and negative predictive value, as well as a perfect score for specificity and positive predictive value when
diagnosing the presence or absence of artificial intraosseous lesions in the anatomical blocks. In addition, the
experiment demonstrated that bone lesions in the jaws can be detected using echography regardless of their
diameter, the presence or absence of cortical plate perforation, or its thickness.

Chapter 7 sought to assess the potential of ultrasound examination as an adjunctive method to conventional
radiology to evaluate healing after the treatment of jawbone lesions. The study protocol was registered with
PROSPERO and involved six electronic databases (PubMed, Web of Science, SCOPUS, Embase, Cochrane
Library, and Best Evidence). A total of 4404 records were screened, and seven studies meeting the inclusion
criteria were included in the systematic review. Ultrasound examination showed effectiveness in monitoring
healing of lesions after non-surgical treatment in human patients. Specifically, it showed reductions in size,
increases in echogenicity, and progressive decreases or disappearances of vascular flow within the lesions.
Similar results were obtained when evaluating the affected area after surgical excision of the lesions. Indeed,
echographic assessment using color and power Doppler showed an initial increase in the size and vascularity
of the bone cavities, followed by a progressive reduction in size, a gradual increase in echogenicity (from
anechoic to hyperechoic) and a progressive decrease of the vascular signal until it disappeared. This was the
first systematic review to produce evidence that color-power Doppler echography can monitor the early and
long-term response of intraosseous lesions in the jaws to both surgical and non-surgical treatments.

The present thesis collected the best available evidence concerning the use of ultrasonography to manage of
jawbone lesions. New clinical research should be carried out into the use of ultrasonography among dental
professionals on a daily basis, and researchers should seek to improve the availability of echographic machines
and probes that are suitable for oral application.
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Samenvatting en conclusies

Dit proefschrift richt zich op de klinische toepassingen van echografisch onderzoek bij kaakbotlaesies. De
verschillende protocollen voor dit werk zijn doorgevoerd aan de hand van een aantal verschillende
onderzoeksopzetten, om zo beter inzicht te krijgen in de mogelijkheden van deze beeldvormende techniek en
om gedegen kennis te verwerven over de voordelen en beperkingen ervan.

In hoofdstuk 2 was het doel om te beschrijven hoe een complexe casus op grond van de CARE-richtlijnen kan
worden aangepakt. In de casus ging het om een traumatische botcyste in combinatie met apicale parodontitis,
waarbij een multi-modulaire diagnostische beoordeling werd gemaakt, inclusief echografisch onderzoek. In
dit onderzoek werd gemeld dat, door middel van real-time onderzoek met behulp van kleuren- en
powerdopplerechografie, de laesie in beeld kon worden gebracht als cystisch (transsoon/anechoisch duidelijk
gedefinieerde caviteit) zonder aantoonbare centrale vascularisatic en met een sterk perifeer
powerdopplersignaal. Op basis hiervan kon een gevasculariseerde en ontstoken weefsellaag worden
vastgesteld in de wanden van de laesie. Al deze eigenschappen werden vervolgens door middel van chirurgisch
onderzoek en biopsie bevestigd. Bij dit onderzoek werd er een positieve correlatie gevonden tussen de
echografische diagnose en het histopathologische bevindingen.

In hoofdstuk 3 werd er cen systematische review uitgevoerd, met als doel om de vast te stellen hoe effectief
echografie is bij de differentiéle diagnose van kaaklaesies, aan de hand van histopathologisch onderzoek als
gouden standaard ter referentie. Op die manier werd het gebruik van dit instrument voor het orale en
maxillofaciale gebied beoordeeld. Door middel van elektronische zoekopdrachten werden er in totaal 704
publicaties opgespoord (503 op MEDLINE van PubMed, 59 op Scopus, 116 op Embase en 26 van de
citeringsindex BIOSIS). Na het uitsorteren van dubbelingen werden de publicaties gescreend op titel en
samenvatting. Van 64 volledige publicaties werd beoordeeld of ze in aanmerking kwamen, en vervolgens
werden er op basis van inclusie- en exclusiecriteria 22 volledige artikelen geselecteerd voor de kwalitatieve
synthese. Uit dit onderzoek kwam naar voren dat echografisch onderzoek effectief is toegepast voor de
diagnose van infecties en/of ontstekingslaesies, cysten, niet-odontogene tumoren, odontogene tumoren en
arterioveneuze misvormingen en ten behoeve van de differentiéle diagnose van laesies van endodontische
oorsprong, vergeleken met de gouden standaard van histologische analyse. Uit deze resultaten kwam dan ook
naar voren dat echografisch onderzoek een zinnige toevoeging is aan het spectrum van tests voor de diagnose
van intraossale kaaklaesies, aangezien het gaat om een non-invasieve techniek, waarbij de patiént niet wordt
blootgesteld aan ioniserende straling.

In hoofdstuk 4 is beoordeeld of het mogelijk is om vroege vasculaire veranderingen bij apicale parodontitis
vast te stellen met behulp van echografisch onderzock met kleurenpowerdoppleronderzoek en om een
correlatie vast te stellen tussen de vroege respons van de peri-apicale laesies op behandeling en de mogelijke
genezing ervan. De peri-apicale laesies werden voorafgaand aan de endodontische behandeling zichtbaar
gemaakt door middel van echografie. Het onderzoek werd 1 week na de eerste zitting van de endodontische
behandeling herhaald en 4 weken na afronding van de endodontische behandeling nogmaals. De vasculaire
aanpassingen werden vervolgens gecorreleerd aan klinische en radiologische langetermijn-follow-up. Er werd
vastgesteld dat er bij de afhame of het verdwijnen van vasculaire stroming in de 4 weken na de endodontische
behandeling sprake was van een significant verband met de genezingstrend van de laesies. Bij het combineren
van de gegevens met de pre-operatieve echografische diagnose was dit verband er alleen bij apicaal granuloom.



Het doel van hoofdstuk 5 was het beoordelen van de mogelijkheid om fistels van endodontische oorsprong op
te sporen en hun verloop te achterhalen met behulp van echografisch real-time-onderzoek. Dit is naar ons
weten het eerste experimentele onderzoek waarbij een dergelijke toepassing van echografie is onderzocht. Bij
het experiment voerden de beide gekalibreerde onderzoekers echografisch onderzoek uit bij tien patiénten met
apicale parodontitis met een fistel en bij tien controlepatiénten met een peri-apicale aandoening zonder fistel.
De afbeeldingen werden vervolgens geblindeerd naar twee observatoren gestuurd, met het verzoek tot het
diagnosticeren van een fistel en het markeren daarvan in een computerprogramma. In dit onderzoek is te zien
dat de onderzoekers bij alle onderzochte gevallen de apicale parodontitis vaststelden en het verloop van alle
fistels in real-time markeerden. Bij de techniek was sprake van een zeer hoge overeenstemming bij de
observatoren zelf en tussen de observatoren onderling ten aanzien van de geblindeerde afbeeldingen. Uit de
analyse van de gegevens bleck dat echografisch onderzoek een nauwkeurige techniek is voor het omschrijven
en opsporen van fistels van endodontische oorsprong. Daarnaast waren door toepassing van de 3-D-modus
reconstructies van de complexere fistel routes mogelijk en maakte de toepassing van kleurenpowerdoppler de
vascularisatie van de omringende laesies binnen de weke delen zichtbaar.

In hoofdstuk 6 werd gekeken naar de nauwkeurigheid van echografisch onderzoek bij het detecteren van
kleine en grote kunstmatige botdefecten bij afwezigheid van complete erosie van de corticale botplaat en het
bepalen van de minimale dikte die het corticale bot moet hebben om een barriére voor geluidsgolven te vormen
bij echografie. Tot nu toe was dit het eerste ex-vivo-onderzoek waarbij dit verband werd onderzocht. Voor dit
experiment werden er zestig anatomische blokken van boviene oorsprong geoogst en evenredig verdeeld over
zes onderzoeksgroepen. Twee onderzoekers konden alle botdefecten vaststellen door middel van real-time
echografisch onderzoek. Drie gekalibreerde observatoren voerden onafhankelijk van elkaar een analyse uit van
de geblindeerde scans, waarbij sprake was van een hoge betrouwbaarheid van de uitslagen die met de techniek
werden bepaald. Het echografische onderzoek behaalde zeer hoge waarden ten aanzien van nauwkeurigheid,
sensitiviteit en negatieve voorspellende waarde en een perfecte score voor specificiteit en positieve
voorspellende waarde bij de diagnose van aan- of afwezigheid van kunstmatige intraossale laesies in de
anatomische blokken. Daarnaast kon op basis van het huidige experiment worden aangetoond dat botlaesies
in de kaken kunnen worden vastgesteld met behulp van echografie — ongeacht hun diameter en ongeacht de
aan- of afwezigheid van perforaties in de corticale botplaat of de dikte van de plaat.

Hoofdstuk 7 had tot docl om te beoordelen welk potenticel echografisch onderzoek heeft als aanvullende
methode naast conventionele radiologie, als het gaat om de beoordeling van genezingsprocessen die optreden
na de behandeling van botlaesies van de kaken. Het onderzoeksprotocol is geregistreerd door middel van
PROSPERO en er werden 6 elektronische databanken (PubMed, Web of Science, Scopus, Embase, Cochrane
Library en Best Evidence) doorzocht. Er werden in totaal 4404 publicaties gescreend en bij de systematische
beoordeling werden 7 onderzocken geselecteerd die voldeden aan de inclusiecriteria. Het echografische
onderzoek bleek een effectieve methode voor het observeren van de genezing van de laesies na niet-
chirurgische behandeling van menselijke patiénten, in de vorm van een afname in grootte van het aangetaste
gebied, een toename van de echogeniciteit en de progressieve afhame of het verdwijnen van het vasculaire
stromingssignaal binnen de laesies. Vergelijkbare resultaten werden behaald bij de beoordeling van het
aangetaste gebied na chirurgische excisie van de laesies. Bij beoordeling van de resultaten van echografisch
onderzoek was eerst sprake van een toename in grootte en vasculariteit van de botcaviteiten, daarna was er
echter sprake van een progressieve afname in grootte, een geleidelijke toename van de echogeniciteit (van
anechoisch naar hyperechoisch) en een progressieve afname van het vasculaire signaal op de kleuren- en
powerdoppler, waarbij het signaal uiteindelijk helemaal verdween. Dit was de eerste systematische
beoordeling die aantoonde dat de toepassing van echografie met behulp van kleurenpowerdoppler een
geavanceerde beeldvormende techniek is voor het observeren van vroege respons en langetermijnrespons van
intraossale kaakbotlaesies bij zowel chirurgische als niet-chirurgische behandelingen.
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In dit proefschrift zijn de beste beschikbare bewijzen verzameld voor het gebruik van echografie bij
kaakbotlaesies. Door middel van nieuw klinisch onderzoek kan het dagelijks gebruik ervan onder tandartsen
en mondzorg professionals worden beoordeeld en kan de beschikbaarheid van echografische apparatuur en
probes voor oraal gebruik verder worden verbeterd.
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what it means to work with passion , devoting myself to the maximum to achieve my goals. You have supported
every decision that | have made! You have followed me in every adventure, always making me feel protected
and loved . Especially thank you for teaching me to never conform to the crowd and to never live in the shadow
of someone else, always accepting me as [ am.

My sister. I thank you for always being the strongest woman that [ have ever met, you are the best part of me,
the most generous and caring. You have never conformed with someone else, you have always seen your goals
and you went right through everything necessary to achieve them.

My Grandparents. To my grandparents that I deeply love and who supported me all these years cheering for
me, celebrating every success and exam passed. I thank them for allowing me to live my college and following
years serenely and carefree: this PhD is largely thanks to you.
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