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Abstract

Ultrastructural and elemental analysis of sialolith

and their comparison with tonsillolith and antrolith

Buyanbileg Sodnom-Ish

Program in Oral and Maxillofacial Surgery, Department of
Dental Science, Graduate School, Seoul National University

(Directed by Professor Soung Min Kim)

Introduction

Sialolithiasis is the primary etiology of submandibular and parotid gland
swelling and pain, with an incidence of 1:15,000 to 1:30,000. Many theories have
been proposed on sialolith formation (lithogenesis), such as 1) the organic core
theory; 2) the sialomicrolith theory; and 3) the mucoepidermoid gel theory. However,
the exact mechanism of sialolith formation is still unknown. Although, there are
numerous studies on the characterization of pathological deposits in the human body
such as the nephroliths, uroliths, gallstones, and cardiovascular calcifications, very
limited data exist on the ultrastructural and elemental composition of sialoliths. By
performing a comparative ultrastructural and chemical composition analysis of
sialoliths, tonsilloliths, and antroliths, the current study aimed to identify their
growth pattern as the first step in developing intervention methods to prevent

sialolith formation and its complications.



Materials and methods

Twenty-five specimens obtained from 23 patients were classified into three
groups: sialoliths (A), tonsilloliths (B), and antroliths (C). The specimens were
examined histopathologically and characterized in detail by micro-CT. For scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
analysis, regions of interest (ROIs) were designated in each specimen’s peripheral,
middle, and core regions to analyze the local ultrastructure at finer scales.
Transmission electron microscopy (TEM) was also performed on specimens from
each group. The data’s normal distribution was tested by the Shapiro—Wilk test. The
differences between groups were tested by one-way ANOVA. p < 0.05 was

considered statistically significant.

Results
Micro-CT analysis

Group A showed onion skin-like layered structure with alternating
radiodense and radiolucent layers in both submandibular and parotid gland sialoliths.
In group A, 11 sialolith specimens had a single core, while one sialolith had multiple
cores, one sialolith had two cores, and one sialolith with no distinct core. The
sialolith cores in group A displayed either distinctively higher or lower degree of
mineralization compared to the surrounding layers. The sialoliths had nearly
spherical oval, or asymmetrical shapes Group B, the tonsilloliths, had a
homogeneous structure without concentric laminated pattern. The group C specimen
revealed a compact homogenous structure, with more internal voids compared to that
of group A and group B. Although each group showed different morphometric

parameters of total VOI (volume of interest) volume, object volume, percent object
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volume, total VOI surface, object surface, object surface/ volume ratio, object
surface density, structure thickness, structure separation, and total porosity (percent),

no statistically significant differences were found.

Histopathological analysis

Group A showed concentric lamellar structure with organic and inorganic
substances. A laminated, teardrop-shaped, globular structure was present at the
periphery. Group B showed a duct-like structure present at the center of squamous
epithelium indicative of the minor salivary gland duct. Squamous epithelium on the
surface of the tonsillolith was noted to extend toward the lining of the tonsillar crypt.
In group C, the lesion was not encapsulated and showed a homogeneous lamellar

bone with fibrous marrow cavities.

SEM analysis

The general architecture of Group A in SEM findings was a concentric
lamellar structure with alternating mineralized and organic material. A diatomite was
found at the core of the sialolith in a recurrent stone (A17). The BSE mode allowed
for the comparison of the different chemical composition in each layer as the
probability of electron backscatter was proportional to the atomic mass of the
specimen element. The fine structure of each layer was threaded with mineralized

globules.

EDS analysis
The compositional analysis of each specimen demonstrated a high fraction

of consistent components, calcium (Ca), carbon (C), and oxygen (O), in groups A,

.
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B, and C. Group A had a significantly higher level of Ca wt% (20.50 = 6.28 wt%
and 16.74 + 44.08 at%) compared to that of Group C (14.78 = 10.29 wt% and 5.76
+4.52 at%) (p = 0.003). The C level was higher in group C (49.27+20.21 wt% and
49.27420.21 at%) compared to that of group A (22.48+11.08 wt% and 33.64+6.36
at%), although no significant difference was found The wt% and at% of O was
significantly higher in group A (36.46 + 8.16 wt% and 40.12 + 8.93 at%), compared
to that of group C (27.18 £ 2.37 wt% 25.36 + 4.29 at%) (p = 0.002; p = 0.019,
respectively).

Other elements including nitrogen (N), sodium (Na), and silicon (Si) were
detected in both groups. Copper (Cu), fluorine (F), phosphorus (P), zinc (Zn), and
zirconium (Zr) were found only in group A, while group C did not show these
elements. The C level was significant higher in group C (49.23 + 20.22 wt% and
59.23 + 18.68 at%), compared to that of Group A (22.36 + 4.70 wt% and 32.46 +

5.74 at%) (p = 0.00; p = 0.035, respectively).

TEM analysis

In group A, globular structures with a double membrane were detected
undergoing intra-vesicular calcification. Lipid vesicles and finger-like globular
structures were also detected. Needle-like filamentary crystals suggested
hydroxyapatite structure. Intra-vesicular and extra-vesicular deposition of inorganic
matter was seen. Group B had stratified squamous epithelium in its peripheral area.
Bacteria were present in the middle layer and needle-like crystals were seen in the
core region. In the outer layer of the group C an osteoblastic rimming was observed.

The middle region of the specimen was mainly composed of dense, mature, and



predominantly lamellar bone. The core region had no Haversian canals and fibrous

component.

Conclusion

This was a new comparative, ultrastructural and elemental study of different
types of calcifications found in the Oral and Maxillofacial Surgery field. The study
demonstrated that sialoliths, tonsilloliths, and antroliths have completely different
micromorphology and elemental composition as determined by micro-CT, SEM,
EDS, and TEM analysis.

The sialoliths had a concentric laminated structure with highly mineralized
or less mineralized core, while tonsilloliths and antroliths lacked a core. Antroliths
showed a structure and composition similar to that of a lamellar bone. These results
suggest a different lithogenesis pattern in each type of calcification. This could be
the fundamental step in developing different treatment modalities for each type of

calcification.

Keywords: Lithiasis, micro-CT, histopathology, scanning electron microscopy,
energy dispersive X-ray spectroscopy, transmission electron microscopy

Student Number: 2021-36814
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I. Introduction

Among human calcium phosphate calculi or stones, there exist dental calculus,
salivary stones or sialoliths, urinary tract stones or uroliths, and renal stones or
nephroliths. In addition, rhinoliths or nasal stones, antroliths or maxillary sinus
stones, tonsillolith or tonsil stones, pancreatic calculus, uterine stones, gallstones,
and other stones are also known [ 1]. Kidney stones have been formally studied since
1802. There is extensive study on the pathophysiology, microstructure, chemistry,
microbiome composition, prevention and treatment of kidney stone formation [2-8].
A recent study demonstrated a possible comprehensive therapy using apoptosis
inhibitor of macrophage (AIM, CDS5, CD5L) protein against kidney stone disease
occurrence/recurrence [3]. Although there are numerous studies on kidney stones
and urinary tract stones, the exact pathogenesis of sialolith, tonsillolith and antrolith

are still not completely understood.

L.1. Sialolith, tonsillolith and antrolith formation (lithogenesis)

Sialoliths are calcified masses that are common in the submandibular gland and its
duct system. Regarding the anatomical location of sialolith formation, the
submandibular gland is the most affected organ (85%) while parotid and sublingual
glands are affected in 10% and 5% of total cases, respectively [9] Many theories
have been proposed on sialolith formation, which include 1) the organic core theory
(calcification of bacteria, foreign body, or desquamated epithelial cells); 2) the
sialomicrolith theory (normally present in 80% of submandibular glands); and 3) the
mucoepidermoid gel theory (calcification of high viscosity mucins) [10, 11].
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The most comprehensive and solid observations are the occurrence of
sialomicroliths, which are found in normal salivary glands of asymptomatic
individuals [11]. It appears that microscopic secretions known as sialomicroliths
accumulate during normal activity of the salivary gland, leading to inflammatory
foci which can either be primary or caused by retrograde migration of oral bacteria.
Sialomicroliths appear to develop more in the submandibular salivary gland with
size variations depending on their location in the salivary ductal system [12]. Others
propose that secretory inactivity is a factor leading to the accumulation of
sialomicroliths, with obstructive atrophy, inflammation, and compression of the
surrounding parenchyma resulting in stagnation of saliva excretion, thus creating an
environment for calcium deposition on phospholipid membranes and creating a
sialolith [11]. A recent study observed that the induction of an inflammatory reaction
can cause an influx of neutrophils into the salivary duct. The activation of these cells
can form neutrophil extracellular traps (NETs), which are potent attractors of
calcium-based crystals (hydroxyapatite, brushite, and whitlockite), and promote the
pathogenesis of sialolithiasis [13]. The possible mechanism of sialolith formation is
illustrated in figure 1. Although many efforts have been made to explain the exact
pathogenesis of sialoliths, the comparative analysis between sialolith, tonsilloliths
and antroliths have not been studied.

Generally, sialoliths are composed of biphasic materials of organic and
inorganic matrices, with a central core, a lamellar peripheral structure, and a major
component of calcium phosphate [1, 14]. The inorganic phase of the sialolith is
mainly composed of carbonate hydroxyapatite whitlockite or calcium carbonate,
while the organic phase is mostly composed of cellular debris, mucus, bacteria,

2



glycoproteins, lipids, and polysaccharides [9]. Sialoliths are mainly composed of
elements such as calcium and phosphorus, with small amounts of magnesium,
sodium, chloride, silicon, iron, and potassium. There are individual differences in the
composition, structure and process of mineralization. There is scarce evidence in the
literature about the specific mechanism of lithogenesis, indicating a greater need for
further research. Because there is a lack of in vitro and in vivo studies that stimulate
sialolith formation, many theories had been proposed and all of these theories could
possibly hold some truth. Therefore, it is of great importance to further understand
the mechanism of sialolith formation to develop preventative and treatment methods
for sialolithiasis.

Tonsilloliths are calcifications that form in the crypts of the palatal tonsils
and are responsible for chronic infection. Tonsilloliths demonstrate similar
architecture and physiological behavior to dental biofilms. Tonsilloliths are
concentrations of aerobic and anaerobic bacteria that calcify over time from a soft
gel to a “stone”. An oxygen-poor environment is detected at the tonsillolith center
with the depletion of surface sugar [15, 16]. An adult palatine tonsil contains
approximately 10-20 crypts which become an anaerobic environment in which
certain bacteria can accumulate and form biofilms. There have been no
ultrastructural and elemental analyses of tonsilloliths. The possible mechanism based
in the literature and the current findings is shown in figure 2. In the literature, there
are no ultrastructural and elemental analysis of tonsilloliths.

Antroliths are described as calcified masses and deposited calcium salts that
form though the retention of inflammatory exudates within the sinus cavity.

Although a number of predisposing factors have been identified, such as chronic



inflammation, odontogenic infection, poor sinus drainage, and the presence of
foreign bodies in the sinus, the exact pathogenesis of antrolith formation has not been
fully elucidated [17]. The foreign body at the core of the antrolith, such as tooth or
bone fragments, blood, pus, mucus, or fungi, is usually of endogenous origin [18]. A
possible mechanism for anthrolith formation is shown in figure 3.

Previously, several studies have reported on the characterization of
pathological deposits such as urinary stones, gallstones and cardiovascular
calcification (angioliths) in the human body [9]. Most of the studies on structural
characterization of sialoliths include Raman microspectroscopy, thermal analysis,
matrix-assisted laser desorption/ionization — mass spectrometry, SX-ray diffraction,
X-ray photoelectron spectroscopy, and FTIR spectroscopy [10, 19-21]. However,
there are no data or knowledge about the ultrastructural and elemental analysis of

sialolith in comparison to tonsillolith and antrolith.

I1.2. Sialolithiasis

Sialolithiasis is a common disease of salivary glands characterized by the obstruction
of the salivary secretion by a calculus. This is associated with pain and inflammation,
and on some occasions with an infection of the affected gland. This disease is
considered to be one of the primary causes of chronic obstructive sialadenitis, with
a reported prevalence of 1.2% in postmortem studies and an incidence of 2.9-5.5
cases per 100,000 of the population [12]. The submandibular gland is most prone for
sialolith formation due to its seromucous saliva content and for its long and curved
Wharton’s duct. The parotid gland is the second most affected gland followed by the
sublingual gland [22]. The diagnosis is based on the medical history, clinical findings,
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physical examination and imaging techniques. Recurrent pain, swelling of the
salivary gland during meals are the most common symptoms of sialolithiasis.
Ultrasound and computed tomography are other techniques that are used for
detection of sialolith [23].

The clinical concerns of sialolithiasis and its effects on quality of life and
morbidity mandate continued efforts for improving treatment methods and strategies.
Although several factors predisposing to sialolith formation are known, the cause is
still not clear. Therefore, there is no specific effective method to prevent sialolith
formation. For treatment, conservative methods have poor effects and are only used
in cases of small sialoliths (<4mm) [24]. Recently, sialoendoscopy has been
recognized as a new and effective treatment method, but it has its limitations due to
the invasiveness associated with the large diameter of the endoscope and is
dependent on the surgeon's skill. Complications such as possible minor ductal tears
and avulsion of the duct have been reported.

The most recent treatment protocol for sialolithiasis are based in the
anatomical location, the size and the accessibility of the sialoliths depending on the
type of salivary gland, whether the sialolith is located (1) in the papilla, distal and
middle duct, (2) in the proximal to hilar duct system, (3) in the parenchyma [25].
With the development of minimally invasive treatment approaches for sialolithiasis,
including intraductal shock-wave lithotripsy, sialendoscopy-assisted transoral duct
surgery and the refined retropapillary approach for distal parotid sialolithiasis, it has
replaced more invasive treatment approaches such as extracorporeal shock-wave
lithotripsy and the combined transcutaneous—sialendoscopic approach [26]. These
current minimally invasive treatment methods are effective but not the fastest

5



method of treatment and require increased efforts. 10-20% of salivary stones are
located in the parenchyma, in which they are not primarily accessible with the
transoral duct surgery, interventional sialoendoscopy, or with the combined approach,
so that extracorporeal shock-wave lithotripsy remains as the only available treatment
method. However, the lithotripsy method for sialolithiasis has success rate lower
than that of renal stone treatment which is essentially calcium stone [27]. The
underlying reason for this fact is still yet unexplained and requires further
investigation. Furthermore, 5-15% of sialoliths could not be successfully treated by
any other treatment methods. In fact, sialolithiasis still remain to be the main reason
for salivary gland resection [28, 29]. The surgical resection of salivary gland is
associated with unfavorable cosmetic aspects, reduced saliva production, collateral
damage to the lingual nerve and the facial nerve, and the development of Frey’s
syndrome [25]. Therefore, there is a great demand for research and development of
a reliable treatment method for sialolithiasis without morbidity and sequelae to the
patients. At the time of writing this manuscript, and to the authors’ knowledge, there
are no reporting of the ultrastructural and elemental analysis of sialolith in
comparison to tonsillolith and antrolith.

The purpose of this study was to investigate the lithogenesis of sialoliths
compared to that of other calcifications found in the head and neck region,
tonsilloliths and antroliths. The null hypothesis of this study would be that sialolith,
tonsillolith and antrolith have no difference in ultrastructure and chemical
composition. The determination of the ultrastructure and chemical composition of
the sialolith in comparison to tonsillolith, and antrolith is an essential step for the
development and application of specific prophylactic and treatment measures.
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II. Materials and Methods

I1.1. Sialolith, tonsillolith and antrolith specimen collection

We analyzed sialolith, tonsillolith, and antrolith specimen retrieved in the
Department of Oral Maxillofacial Surgery of Seoul National University School of
Dentistry. This study and its access of patient records were ethically approved by the
Seoul National University Institutional Review Board (S-D20220023). The sialoliths
were obtained via sialolithotomy, sialendoscopy, direct extraction, or spontaneous
extrusion. Specimens were collected from January 2017 to July 2022 and preserved
without fixation, fixation in 10% buffered formalin, and fixation in 2.5%
glutaraldehyde (GA) solution as routine work for further study. The specimen was
screened, and only well-preserved and intact stone samples qualified for further

experimentation.

After specimen screening, the patient record was reviewed to identify
patients that fulfilled these criteria:
1. Patients with various pathologies treated with sialolith, tonsillolith and antrolith
removal. These pathologies included sialolithiasis, tonsillitis, and chronic maxillary
sinusitis.
2. Patients with available clinical and radiogram data for all treatment periods and
follow-up.
Patients with lacking data such as radiograms and lost during the follow-up period

were excluded from this study.



Twenty-five specimens from 23 eligible patients (ten males, 13 females;
mean age 37.82 years, ranging from seven to 68 years) were included. These were
from patients with chronic sialadenitis with pain and swelling in the submandibular
and parotid gland region, recurrent sore throat and odynophagia due to tonsilloliths,

and chronic odontogenic maxillary sinusitis.

I1.2. Specimen selection and grouping

The calcified stone samples were classified into one of three groups according to the
type of specimen

Group A: Sialolith (n=22)

Group B: Tonsillolith (n=1)

Group C: Antrolith (n=2).

I1.3. Micro-CT analysis

All specimens were subjected to high-resolution micro-CT scanning using a Skyscan
1273® (Bruker, Kontich, Belgium) with a 0.3 mm copper filter, 136 pA source
current, 110 kV source voltage, and 18 um resolution. The specimens were rotated
over 360° with 0.3° steps for each X-ray image. The specimen was mounted in gauge
with radiolucent PBS (phosphate buffered saline) sheath buffer. To evaluate the
average attenuation, calibration rod pairs composed of epoxy resin embedded with
fine CaHA powder at concentrations of 0.25 and 0.75 g/cm® and at a diameter of 8

mm were used as phantoms.



The micro-CT raw dataset was reconstructed by the NRecon® 1.7.5.1
(Skyscan, Belgium) with a ring artifact correction of 3 and beam hardening
correction of 20%. Volumetric visualization was achieved with DataView (Skyscan,
Belgium) software. This resulted in images that were 1536 pixels in width and height.
Micro-CT can provide a 3D visualization of the inner micro-structures as indicated

by changes in the X-ray attenuation value of the specimen [30].

I1.4. Histopathological analysis

The tissue sections for light microscope examination were prepared in three steps:
dehydration, clearing, and impregnation. Dehydration was carried out in ascending
concentrations of ethanol (EtOH): 70% (EtOH) -> 80% (EtOH) -> 90% (EtOH)->
95 (EtOH) ->100% (EtOH). The clearing consisted of the removal of the dehydrant
with Neo-clear® (Aruimea, Madrid, Spain) in this order: 100% (Neo-clear) -> 100%
(Neo-clear)-> 100% (Neo-clear)-> 100% (paraffin) -> 100% (paraffin). The
histologic slide was stained with H&E. The paraffin-embedded tissue blocks were
cut in serial sections of 5 pm, which were then stained with hematoxylin-eosin
(H&E). The slides were then scanned with a 3D scanner (PANNORAMIC 250 Flash
111; 3DHISTECH, Budapest, Hungary) and examined using slide-viewing software

(CaseViewer version 2.0; 3DHISTECH, Budapest, Hungary).

I1.5. Sialolith, tonsillolith and antrolith analysis by SEM

The specimen was immediately placed in a 2.5% glutaraldehyde solution for fixation.
Before electron microscopic examination, the specimens were partially encapsulated
in a heavy putty impression material and sectioned through their median region
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without damaging the layered structure. The specimen was removed from the putty
impression material and half of the specimen was used for SEM examination, and
the remainder was used for histology and TEM examination.

As the specimen is electrically non-conducting, sputter coating with
platinum (Pt) was carried out to increase the signal-to-noise ratio and prevent
charging of the specimen. This would otherwise occur because of the accumulation
of static electric fields before SEM examination (Apreo S®, Thermo Fisher Scientific,
Waltham, MA, USA). The secondary electron (SE) detection mode was used for the
ultrastructural surface analysis, while the backscattered electron (BSE) detection
mode was used to analyze the different phases and compositions based on the
differences in atomic number. We examined the samples from the periphery to the
core of the specimen with nine to 15 focal points. The surface of the cross-section
was thoroughly examined under 500x magnification and areas with representative
features were chosen for micrographic and elemental analysis. The SEM was
operated at 10 kV; and 65x, 500%, 1000x, 2500, 5000%, 10,000x, and 20,000%

micrographs were acquired.

10



I1.6. Chemical composition analysis by EDS
The element composition of the specimens was accessed by using an EDS instrument
(XFlash® 6, Bruker, Berlin, Germany) connected to a microscope detector and the
ESPRIT® analysis software (Bruker, Berlin, Germany). Regions of interest (ROIs)
for EDS element analysis were derived from the center, middle, and external surface
of each specimen from each group. The representative region was chosen and
analyzed under a magnification of 10,000x%.

The EDS method involved qualitative and semi-quantitative microanalysis,
including element distribution mapping. The representative point of each region was
chosen and analyzed under a magnification of 10,000x. The mass concentration (C)

was classified by the percentage of weight (wt%) and atomic weight (at%).

I1.7. TEM experiment

Specimen preparation involved fixation of samples in 2.5% glutaraldehyde for at
least three days. For the TEM examination (JEM-1400 Flash®, Jeol Ltd., Tokyo,
Japan), the specimen was stripped into a 1x1x1 mm block, embedded in epoxy resin,
and cut into ultrathin sections (70-80 nm). Sections of 1 um were stained with
toluidine blue (TB) and examined under microscope (BX41 Light Microscope®,
Olympus Co., Tokyo, Japan).

TEM (JEM-1400 Flash®, Jeol Ltd.) was used to observe the components present in

the specimen with 3,000%, 6,000, 10,000x magnifications.
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I1.8. Statistical analysis

For the chemical composition analysis by EDS, the means and standard deviations
(SDs) of the wt% and at% were calculated. The data normal distribution was tested
by Shapiro—Wilk test. The differences were tested by one-way ANOVA. Statistical
analyses were carried out using SPSS version 25.0 (IBM Corp., Armonk, NY, USA).

P <0.05 was considered statistically significant.
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II1. Results

I11.1. Patient characteristic and demographic data

Twenty-three patients with a total of twenty-five specimens were eligible for the
study after the inclusion and the exclusion criteria. The patient and treatment data
are presented in Table 1. The average age was 37.92+15.89, ranging from 7 to 68
years old. There were 10 (43.48%) male patients and 13 (56.52%) female patients

with a gender ratio of 0.77:1.

I1I 2. The sialolith, tonsillolith and antrolith specimen data

The anatomical sites in which the specimen was located are presented in Table 1. In
19 patients (95%) out of 20 patients in group A, the sialoliths were located in the
submandibular salivary gland. Out of 22 sialolith specimens, ten cases presented on
the left submandibular salivary gland (45.45%), while eight cases presented on the
right side (36.36%) and three cases on both sides of the submandibular salivary
glands (13.63%). Only one case presented a sialolith on the left parotid salivary gland
(4.24%). Regarding their number of occurrences, single stones were found in 15
cases (75%), two stones in three cases (15%), while two cases had more than two
sialoliths (10%). The two group B tonsilloliths presented on the right tonsils, and two

group C antrolith specimens were obtained from the right and left maxillary sinuses.
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II1.3. Micro-CT analysis sialolith, tonsillolith and antrolith

The micro-CT scanning allowed 3D visualization of the specimen in groups A, B,
and C (Figs. 4-6). The sialolith specimens showed an onion skin-like layered
structure with alternating radiodense (highly mineralized) and radiolucent (organic)
layers in both submandibular and parotid gland sialoliths. In group A, 11 sialolith
specimens had a single core (A4, AS, A8, A9, A12, Al15, A-16-1, A16-2, A18, A19,
A20), while one sialolith had multiple cores (A7), one sialolith had two cores (A11),
and one sialolith had no distinct core (A10). The sialolith cores in group A displayed
either distinctively higher or lower degrees of mineralization compared to the
surrounding layers as inferred from the brighter and darker contrast in the
radiographic data. The sialoliths had nearly spherical (A4, A8, A16-1, A19, A20),
oval (A5, Al5, A16-2), or asymmetrical (A7, Al1, A18) shapes. Apart from the
shapes, there were concentric growth patterns (A4, A5, A15, A19) and irregular ones
(A7,A8,A9,Al1,A16-1, A16-2, A18, A20). However, in many situations, variation

between these two types of growth patterns was observed.

Group B tonsillolith showed a homogeneous structure without a concentric
laminated pattern (B1). The specimen showed a higher degree of homogeneous
mineralized structure compared to that of group A. The group C specimen revealed
a compact homogeneous structure (C2) that had more internal voids (C1) compared
to that of group A and group B. 3D reconstructed images of the specimen are shown

in figures 4-6. Table 2 shows the morphometric parameters of groups A, B, and C.
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II1.4. Histopathological findings

4.1 Histological findings in group A

In general, all of the sialolith specimens showed concentric lamellar structures with
organic and inorganic substances. Eosinophilic characteristics were found at the
core. A laminated pattern of a teardrop-shaped globular structure was seen at the
periphery. A laminated concentric pattern of the basophilic zone indicating a highly
mineralized area of the stone which is mostly composed of inorganic material. Small
amounts of bacteria were located at the outer shell of the sialolith containing salivary
ductal epithelium (Figs. 7-13).

4.2 Histological findings in group B

The tonsillolith specimen of a 53-year-old male patient stained with hematoxylin-
cosin (H&E) demonstrated a mature stage of development; this tonsillolith was
surrounded by fibrinous debris and inflammatory cells (Figs. 14A-B). The
tonsillolith revealed degrees of immature calcification of organic and inorganic
materials. A duct-like structure was observed at the center of squamous epithelium
indicative of the minor salivary gland duct (Fig. 14C). Squamous epithelium on the
surface of the tonsillolith was noted to extend toward the lining of the tonsillar crypt
(Figs. 14D-F). At high magnifications, the tonsillolith was composed of a dense
matrix, and microbial colonies composed of rods and cocci were observed

(Figs.14G-I).

4.3 Histological findings in group C
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The lesion was not encapsulated and showed a homogeneous lamellar bone with
fibrous marrow cavities. The woven bone was replaced by lamellar bone with
Haversian canals at the periphery (Figs. 15A-D). The lamellae of this bone were
organized longitudinally in well-differentiated and interlacing trabeculae,
characteristic of mature cancellous bone. The osteocytes were randomly and
unevenly distributed with spindle-shaped lacunae. Cellular elements included
abundant eosinophilic and finely granular cytoplasm, eccentrically placed oval
nuclei, and absent nucleoli. Characteristics of neoplastic bone, such as thickened
trabeculae or architectural atypia, were absent. The attached soft tissue showed
inflamed granulation tissue with bone sequestrum and mainly consisted of diffuse
inflammatory cells including macrophages, lymphocytes, and plasma cells (Figs.

15E-H).
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II1.5. SEM findings of sialolith, tonsillolith and antrolith

5.1. Ultrastructural findings in group A

The general architecture in SEM findings revealed a concentric lamellar structure
with alternating mineralized and organic material (Figs. 16A-C). The detailed
structure of each alternating layer is analyzed in the following sialoliths at 1,000x
and 20,000x magnifications.

Sialolith A5 showed a layered structure with a single core. Irregular
structure seen at the periphery of the sialolith at point 01. A plate-like structure was
observed on the point 02. Extracellular exosomes that form a tridimensional globular

structure were seen at point 03 at the center of the sialolith (Fig. 17).

Sialolith A6-2, obtained from the submandibular salivary gland, shows a
layered structure (Fig. 18). At the very outer layer of the sialolith, a long rod-shaped
bacterial biofilm cave (yellow arrowheads) is seen with calcium nanoparticles on
point 01. The SEM image shows the layered structure of the sialolith (white lines).
At the intermediate layers on points 02, 03, and 04, dense hydroxyapatite aggregates
are observed with bacterial empty casts (blue arrowheads) at 20,000 x magnification.
Point 05 shows a more porous structure than points 02, 03, and 04, but rudely
hexagonal, fibrous, irregularly shaped hydroxyapatite crystals are observed. Fibrous
and irregularly shaped hydroxyapatite crystals show random orientation from point
05. Point 06 shows the irregularly shaped hydroxyapatite occurring in cluster masses
or individual crystals (black arrowheads). Points 07, 09, and 11 show a coarser
structure of hydroxyapatite crystal aggregation. Points 08 and 14 depict a densely

aggregated layer of microscopic mineral masses compatible with octacalcuim
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phosphate. A filament pattern of the inorganic matter compatible with carbonate
apatite arranged in different orientations was observed on point 10 (red arrowheads).
Calcite-like crystals are seen on point 13 (blue arrowheads). The irregular structure
shows platy, rudely hexagonal and irregularly shaped hydroxyapatite crystals in

random orientations (F, blue arrows).

The heterogeneous layered sialolith A14 from the submandibular salivary
gland shows a single core with a loose layer of granule-shaped crystals with long
rod-shaped bacteria at the peripheral layer on point 01 with 20,000 X magnification.
At the middle layer, denser microbial product or biofilm was observed on point 02.
Points 03, 04, 07 and 08 at the surface of the core show mineral masses compatible
with octacalcium phosphate. At the core of the sialolith a hexahedral calcite crystal
having a mineral composition compatible with whitlockite (blue arrowhead) is
observed in a long rod-shaped bacterial mold on point 05. At the core of the sialolith,

less dense hydroxyapatite aggregates are observed on point 06 (Fig. 19).

A recurrent sialolith (A17) from the left submandibular salivary gland was
analyzed at the cross-section surface at the center with 13 points of interest. The
outer surface of the stone shows a calcified irregular fibrous structure with a lacy
pattern (white arrow) from point 01 at 20,000x magnification. Hexagonal and
irregularly shaped hydroxyapatite occurring in clusters or as crystals are shown at
point 02. Alternating layers of coarse and dense aggregates of hydroxyapatite
crystals are seen on points 03, 04, 05, and 07. Globular patterns of cores and

surrounding concentric laminated structure are observed at points 06 and 09 (yellow
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arrowheads). A diatomite particle is found at point 08 at 10,000x magnification (blue

arrowheads). Irregularly shaped filamentary crystals are seen at point 12 (Fig. 20).

BSE mode analysis of the recurrent sialolith (A17) showed the concentric
pattern of mineralization at 500 and 10,000x magnifications. BSE mode allowed
comparison of the different chemical composition in each layer as the probability of
electron backscatter is proportional to the atomic mass of the specimen element (Fig.
21). The fine structure of each layer was threaded with varying sizes and degrees of
mineralized globules. The globules had different sizes measuring up to 6 wm. The
core of the sialolith consisted of a less mineralized mass at point 04. The surrounding
outer layer consisted of darker and less mineralized structure. The thickness of each

layer decreased from the outer layer at the periphery to the core of the sialolith.

5.2. Ultrastructural findings in group B

Compared to the ultrastructural findings of group A, the group B specimen did not
present with concentric laminated structures. The SEM analysis of the tonsillolith
showed hexahedral-shaped crystals on all points of interest (Fig. 16E, 22). The outer
layer of the tonsillolith showed a filamentous structure that suggested bacterial

accumulation on point 10.

Ultrastructural findings in group C

The general structure of group C showed a homogeneous structure without
concentric laminated mineral deposits. The antrolith (C1) specimen from group C
was analyzed at the cross-sectional surface with 14 focal points of interest. Non-

crystalline and smooth surfaces were found in the peripheral and central area of the
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specimen at points 01-11. Coarse crystalline micro aggregates were identified in the

core regions (Figs. 16F-G, 23-24).
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I11.6. Chemical composition of sialolith, tonsillolith and antrolith
6.1. EDS analysis of specimen in groups A, B, and C
The chemical composition of the specimen was analyzed and recorded at the
peripheral (P), middle (M), and core (C) layers. The compositional analysis of each
specimen consistently demonstrated a high fraction of calcium (Ca), carbon (C),
oxygen (O), and phosphate (P) in group A, B, and C (Table 3). However, the level of
each element varied in each group. The wt% and at% of Ca in group A were higher
(20.72 £+ 5.53 wt% and 9.55 £ 2.77 at%) compared to group B (17.48 = 3.02 wt%
and 8.23 = 1.51 at%), and group C (17.18 + 6.98 wt% and 7.28 + 3.31). The
differences were not, however, significantly different (Table 3). The C level wt% and
at% were significantly higher in group C (32.86 + 17.60 wt% and 43.23 + 17.25 at%)
compared to those of group A (21.36 &+ 4.50 wt% and 31.85 £ 5.29 at%) and group
B (15.33 £4.50 wt% and 23.92 + 6.40 at%) (p = 0.006; p = 0.004, respectively). The
wt% and at% of O was significantly higher in group B (38.31 £ 2.70 wt% and 45.95
+ 3.46 at%), compared to those of group C (29.24 + 3.31 wt% and 30.52 + 4.33 at%)
(p=0.016; p=0.002, respectively). The wt% and at% Ca/P ratios were 1.19 + 0.85,
2.20 £+ 2.33 respectively in group A; group B showed a wt% of 1.27 &+ 0.62 and at%
0f 0.97 + 0.48; and group C showed a wt% of 3.59 + 1.54 and at% of 2.77 + 1.34.
The comparative chemical composition analysis between the groups are
shown in Table 4. Excluding the major three elements that constituted the sialolith
(Figs. 25-28), tonsillolith (Fig. 29) and antrolith (Figs. 30-31), many other elements
were detected. These elements included fluorine (F), nitrogen (N), sodium (Na),
silicon (Si), and magnesium (Mg); these were detected in all groups. Other elements
such as copper (Cu) and zinc (Zn) were found only in group A; groups B and C
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showed no trace of these. Traces of iron (Fe) were found only in group B, while
zirconium (Zr) was found in both groups A and B. Wt% of N in group A was
significantly higher (14.68 + 5.63 wt%) compared to that in groups B and C (p =

0.031).

6.2. Comparison of elemental analysis at the peripheral, middle and core
regions in group A

For the EDS analysis, more traces of chemical elements were found in the peripheral
layer of the sialolith compared to the middle and core layers. Ca, C, O and P were
the major elements found in all hydroxyapatite layers of the sialolith. Elements such
as Ca, C, O, N, Na, P, Si and Mg were found in more than two regions. Traces of Cu
(Wt% 13.3940.00 and at% 4.62+0.00) and Zn (wt% 10.68+0.00 and at% 3.59+0.00)
were found only in the peripheral region of the sialolith (Table 5). Traces of F were
found in the periphery and the middle layer of the sialolith but were absent in the
core layer. Wt% and at% of Mg were highest in the inner core layer of the specimen

(wt % 10.72+7.38 and at% 6.78+4.34) but were not significantly different.

The peripheral layer of group A showed major elements including Ca, C, O,
N, Na, P, Si, and Mg. Other elements such as Cu, F, Zn, and Zr were also found. The

core of the sialoliths was mostly composed of Ca, C, O, N, Na, P, Si, and Mg.

The EDS mapping showed homologous elemental distribution in sialoliths
(Figs. 26-28), except in sialolith A5, where a non-homologous elemental distribution

of Si and Ca was found in the middle layer (02-M) (Fig.25).
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6.3. Comparison of elemental analysis at the peripheral, middle and core
regions in group B

The EDS results of the tonsillolith specimen analyzed at the peripheral, middle and
core regions are presented in Table 6. The EDS mapping showed homologous
elemental distribution in the tonsillolith (Fig. 29). The peripheral layer of the
tonsillolith showed major elements found in groups A and C, including Ca, C, O, N,
Na, P, Si, and Mg. However, a trace of Fe was found only on the outer layer of group
B. The inner layer was mostly composed of Ca, C, O, N, Na, P, Si, and Mg. In the

core, traces of F and Zr were found in group B.

6.4. Comparison of elemental analysis at the peripheral, middle and core
regions in group C

The EDS results of the antrolith specimen analyzed at the peripheral, middle and
core regions are presented in Table 7. Major elements found in sialoliths and
tonsilloliths were also found in the peripheral, middle, and core layer of group C.

These elements included Ca, C, O, F, N, Na, P, Si, and Mg (Figs. 30-31).

IIL.7. TEM analysis

For the TEM analysis, highly mineralized/crystalline regions appear dark in the
bright field imaging due to staining and/or the diffraction of heavy elements
(Figs.32-35). In submandibular salivary gland sialoliths A6-1, globular structures
with a double membrane were detected undergoing intra-vesicular calcification (Figs.
32A-B). Lipid vesicles and finger-like globular structures were also detected (Figs.

32C-H). The layered appearance of the sialolith showing the globular mineralized
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structure in the external lamella with a heterogeneous crystalline needle-like pattern
was observed (Figs. 33A-B). Large single crystals and deposition of inorganic
material at the inner lamellae were observed in darker contrast compared to the
surrounding structure (Figs. 33E-F). Needle-like filamentary crystals suggested

hydroxyapatite structure (Figs. 33G-H).

Two types of calcification were found in pediatric sialolith A13, intra-
vesicular and extra-vesicular deposition of inorganic matter and large membranous
bodies (Figs. 34A-D). The globular structure was noticed to have an internal and
surface opaque contraction. Some globular structures had double membranes. Extra-

vesicular deposition of inorganic matter (Figs. 34E-H).

In the peripheral lamella, a homogenous layer of organic compounds was
found in recurrent sialolith A17. Hydroxyapatite crystal aggregates were found
within the globules and at the outer edges of the globules (Figs. 35A-C). Deposition
of large single microcrystalline inorganic compounds, such as needle-like
filamentary crystals, was arranged in clusters and different directions and clusters of

parallelepiped crystals were observed (Figs. 35E-H).

The B1 tonsillolith had stratified squamous epithelium in its peripheral area
(Figs 36A-B). Bacteria were present in the middle layer of the tonsillolith (Figs. 36C-
D). Needle-like crystals in the core region and extra-vesicular deposition of
inorganic material were also observed (Figs. 36E-H). In the outer layer of the C2
antrolith, an osteoblastic rimming was observed (Figs. 37A-B). The middle region

of the specimen was mainly composed of dense, mature, and predominantly lamellar
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bone (Figs. 37C-D). The core region had no Haversian canals and fibrous component

(Figs. 37E-H).
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IV. Discussion

Physiological mineralization is limited to specific sites in the skeletal tissues,
including the growth plate cartilages, bone, and teeth. Uncontrolled and pathological
mineralization may occur in any soft tissue within the human body [31]. In particular,
the calcifications in the articular cartilage, cardiovascular tissues, and kidneys are
studied extensively. However, there are limited data on the ultrastructural and
elemental analysis of calcifications in the head and neck region, including sialoliths,
tonsilloliths and antroliths.

The pathogenic mechanism of sialolith formation could be explained by four
main mechanisms:

1. Bacteria-associated sialolithiasis

2. Protein coagulation by different cross-linking enzymes in saliva

3. Salivary exfoliated cells-associated sialolithiasis

4. Others including trauma, salivary duct obstruction, habit, systemic metabolism,
etc.

Biofilms are a community of microorganisms that live encased in an EPS
matrix. A study by Kao et al. suggested that biofilms and their interactions with host
immune cells and calcium nanoparticles form the nidus for calcium crystal
deposition [32]. Biofilms have also been shown to accumulate calcium. Calcium is
essential for the cross-linking of alginate in the EPS. Calcium nanoparticles of
500nm that produce calcium apatite from calcium and phosphorus at normal
physiological conditions. The interaction of calcium nanoparticles, host cells, and
biofilm may serve as a strong scaffold for further calcium deposition and sialolith
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formation. The main strain of bacterial organisms found in the sialoliths are Bacillus
Subtilis, Streptococcus mitis/oralis, Sterptococcus angionosus, Rothia spp..
Streptococcus constellatus, Streptococcus gordonii, Staphylococcus aureus and
coagulase-negative Staphylococcus epidermidis [33, 34]. In a previous proteomics
study of sialoliths, a group of proteins that defend against different types of external
pathogens were identified: lactoperoxidase (LPO), histatin (HTN1), lysozyme
(LYZ), and cationic antimicrobial peptide (CAMP) [35].

In our ultrastructural study with SEM and TEM analysis, we found structures
resembling extracellular exosomes that form a tridimensional globular structure.
They are thought to be carriers of transporters of proteins from the immunologic and
metabolic processes and their regulators. They are a constitutive part of the
extracellular matrix and apparently a site for deposition of amorphic mineral
microcrystals. Previous study by Busso et al. found significant values of immune
indicators from the biological processes domains such as immune system processes
and immune and defense responses, which were the integral part of the extracellular
matrix. These proteins may be deposited in salivary stones during stone growth, and
therefore, could have multiple exosomal origins [36]. These findings suggest the
important role of immune response in the process of sialolith formation.

Amongst the proteins that are present in the sialolith, the following calcium
binding proteins have a major role in balancing minerals and prevent spontaneous
crystallization in the salivary gland and oral cavity: statherin (STATH), histatin
(HTN1), calmodulin-like protein 5 (CALMLYS), basic salivary proline-rich protein 1
(PRB1), proline rich protein Haelll subfamily 2 (PRH2) [35]. STATH has an
important role in the saliva which inhibit spontaneous precipitation of calcium and
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phosphate salts from the saliva [37]. HTN1 is a histidine-rich peptide that is present
in saliva and have anti-inflammation, detoxification, and remineralization effects.
The CALMLYS protein is involved in calcium-binding, intracellular signaling and the
differentiation of keratinocytes [38]. The PRB1 and PRH2 are acknowledged as the
modulators of calcium phosphate chemistry, which are selectively absorbed into the
hydroxyapatite, and modulate bacterial colonization [39].These cross-linking
enzymes present in sialolith are thought to have a role in the pathogenic mechanism
of hydroxyapatite precipitation in the sialolith.

Regarding other actors such as trauma, salivary duct obstruction, habit, and
systemic metabolism, etc., ductal trauma is thought to be one of the factors that
contribute to sialolith formation. However, based on our experience and the literature
review, endoscopic sialolith removal does not result in sialolith formation.
Regarding the habit, a previous study found a positive association between
sialolithiasis in the a population of <40 years-old [40]. And considering the systemic
metabolism, sialoliths tends to be unilateral, which argues against a systemic
metabolism and suggests local factors to play major roles [32].

A study by Stoodley et al. showed that tonsilloliths exhibit similar structure
and chemical gradients to a dental biofilm. This physiological activity was analyzed
by confocal microscopy and by microelectrodes that measured aerobic and anaerobic
respirations and acid production [16]. In our study we found filamentous bacteria at
the peripheral layer of the specimen. The composition of the developing biofilm is
determined by several factors such as the site of colonization and the type of the

surface [41].
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Antroliths are a rare entity and are usually asymptomatic. In most cases,
antroliths are discovered incidentally during routine examinations and are thought to
have endogenous and exogenous origins [18]. In our literature review, there was a
lack of information on ultrastructural and elemental analysis of antroliths. Most of
the recent studies focus on case reports and clinical studies using radiographic
analysis methods such as cone-beam computed tomography [42]. As the incidence
of antroliths are quite rare and there is a lack of research on this field, the
pathogenesis of antroliths are not completely understood. In our study, we found that
the antroliths had a different structure compared to sialoliths, where they had a
concentric laminated structure with a core. The study of the core of lithiasis give
valuable information on the generation, precipitation, and aggregation of minerals
[43]. The determination of the structural characteristics and the composition of all
parts of the stone especially the core is essential for understating the mechanism of
stone genesis. In human kidney stones, amorphous calcium phosphate was found to
promote the aggregation of amorphous calcium oxalate complexes which induce the
nucleation and growth of urinary stones [44]. Although many theories have been
stipulated to explain the sialolith formation, many theories focus on the core or
nucleus that may initiate the development. Takeda proposed a mechanism in which
crystalloid present in a salivary gland may aggregate and form a core that organic
and inorganic materials would deposit [45]. On the other hand, we found that
antrolith had no core and consist of lamellar bone structure. This bone structure could
originate from the surrounding bone of the maxillary sinus wall as a result of

pathological conditions involving the sinus.
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From the comparative micro-CT, SEM, and TEM analyses among groups A,
B, and C, the sialolith, tonsillolith, and antrolith specimens had different
micromorphology, suggesting different pathways of formation. In general, the
sialoliths mostly had concentric laminated structure, in which the chronological
order of development could be analyzed in detail. However, the tonsillolith and
antrolith showed homogeneous structures without any layered microstructure. The
micro-CT analysis allowed nondestructive imaging of the major core of the
sialoliths. These cores are sometimes less mineralized and could be damaged or
missed during the specimen preparation process for SEM and TEM [46]. Based on
the micro-CT scanning, the cores of each sialolith could be classified as highly
mineralized (A5, A20) and less mineralized (A4, A7, A8, A9, Al1, A15,A16-1, A16-
2,A18, A19) in comparison to the surrounding layers. These findings are confirmed
with the histology findings showing a less mineralized core in sialoliths A2 and A14
surrounded by contrasting higher mineralized middle and outer layers. In a previous
study, no organic cores were observed in the central part of the sialoliths [47]. The
presence of concentric laminated structure threaded with globules could be explained
by the Liesegang and Ostwald precipitation mechanism [48, 49]. A combination of
micro-CT and ultrastructural analysis with SEM and TEM can be effectively used to
characterize the specimen.

During our SEM analysis, we found a tube-shaped diatomite at the core of
the recurrent sialolith A17. Diatomite or diatomaceous earth is a naturally occurring
mineral resource containing fossilized remains of single-celled alga. These particles
have many pores (pore sizes 50-200 nm). The main chemical composition is
inorganic polymer-amorphous silica (SiO,) [50, 51]. Diatomites have size-, shape-,
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and dose-dependent cytotoxicity [51]. In the literature review, there were no reports
of diatomite in the core of the sialolith. Diatomites are extensively used as two
grades, food-grade for internal use for humans, and non-food-grade used in industrial
practices. Recently, topical and oral use of diatoms have become more common, due
to various health benefits claims that are unsupported by scientific evidence. One of
the main sources of diatomite consumption is a toothpaste. Diatomite originated
from an alginate impression material has been reported to cause foreign-body
mucosal granuloma [52]. Although, only one case showed a diatomite at the core of
the sialolith, it could be assumed that diatomite originating from a toothpaste could
have retrograde migration into the salivary secretion duct.

The main elements of sialoliths have been reported to be Ca, P and O. A
study using Fourier transform infrared (FTIR), FT-Raman, and fluorescence
spectroscopic techniques showed the ratio of the major elements Ca and P to be
7:3[53]. In another study using X-ray microanalysis, the component elements of
sialoliths were Ca, O, S, and Na. The Ca and P ratio was calculated to be 1.60-1.89
[54, 55]. The chemical constitution of each specimen varied from one to another. In
our study, we found elements Ca, C, O, F, N, Na, P, Si, and Mg in sialoliths,
tonsilloliths, and antroliths. In addition, only sialoliths had elements such as Cu, Zn,
and Zr, while tonsilloliths had traces of Fe. The main inorganic components of
sialoliths are reported to be apatite (Caio(PO4)s(OH)2), whitlockite (Cas(POs).), and
brushite (CaHPO4 2H»0). Other components include weddellite and octacalcium
phase.

Other human liths such as the renal and kidney stones has been studied
extensively due to their symptomatic nature, such as pain, infection and obstruction,
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which can affect patient’s quality-of-life. In fact, acute passage of kidney stones is
the ninth most common cause for emergency visit [56]. Sialoliths on the other hand
are generally asymptomatic in nature [57]. The mechanism/pathophysiology of
kidney stones formation has been established and preventative method along with
minimally invasive treatment methods, such as dissolution therapy of kidney stones
were developed [2]. In some cases, depending on the size, location and the
accessibility of the sialolith, extirpation of the salivary gland may be performed,
where the sialolith is located in the parenchyma of the salivary gland or the proximal
part of the duct. Similarly, the dissolution of the sialolith located in a difficult
location for minimally invasive method, would be a desirable method over the
extensive extirpation of the whole salivary gland. Therefore, understating the
sialolith growth requires knowledge on the sialolith chemical composition,
crystalline microstructure and the biomolecules derived from the host and the
resident bacteria. In the current study, the main chemical composition of sialoliths
were Ca, C, O and P, which were found in all layers. In the process of sialolith
formation, the interaction of calcium nanoparticles, salivary exfoliated host cells,
bacterial biofilm, and protein coagulation by different cross-linking enzymes in
saliva are important factors that need to be corrected. The goal, therefore would be
to reduce the risk of precipitation or aggregation of calcium nanoparticles in the

lithogenesis of sialoliths.
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V. Conclusion

This was a new comparative, ultrastructural and elemental study between
different types of calcifications found in the Oral and Maxillofacial Surgery field.
The study demonstrated that sialoliths, tonsilloliths and antroliths had completely
different micromorphology and different elemental composition using micro-CT,
SEM, EDS, and TEM analysis.

The main pathogenic mechanism of sialolith formation could be explained
by four main mechanisms:

1. Bacteria-associated sialolithiasis

2. Protein coagulation by different cross-linking enzymes in saliva

3. Salivary exfoliated cells-associated sialolithiasis

4. Others including trauma, salivary duct obstruction, habit, systemic metabolism,
etc.

The main elemental composition of sialoliths were O, C, Ca, N, Cu, P, Zn,
Si, Zr, F, Na, and Mg. The peripheral layer had an expanded elemental composition
that included Cu, Zn and Zr compared to that of the middle and core regions, while
the middle layer had a small amount of F. In tonsilloliths, a small amount of Fe was
found in the peripheral region. The antroliths had a shorter component list: Ca, C, O,
F, N, Na, P, Si, and Mg.

The sialolith had a concentric laminated structure with highly mineralized
or less mineralized core, while tonsillolith and antrolith lacked a core. Antrolith
showed a structure and composition similar to that of lamellar bone. The
distinguishing ultrastructural characteristics can be used in lithogenesis studies.
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Further progress in developing a desirable treatment or preventative method for
sialolithiasis would be the dissolution of the sialolith depending on the size, location
and the accessibility, as well as reducing the risk of precipitation or aggregation of
calcium nanoparticles in the lithogenesis of sialolith. This study’s clinical
implication is the undertaking of the first step in developing future intervention and

treatment methods.
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Table 1. Patient demographic information.

Tables

No Sex Age PMH Symptoms Location Anesthesia Treatment Biopsy Results
Came for impacted third ~ Hilar portion of right Sialoendoscopy and surgical
Al F 22 Not specific GA ~
molar removal SMG extraction of #18,38,48 teeth
Left Wharton’s duct
A2 F 38  Hypothyroidism ~ ) Sialolithotomy
orifice
) Came for impacted third Hilar portion of left Sialolithotomy and surgical
A3 F 34 Not specific GA ~
molar removal SMG extraction of #18,48 teeth
Pain and swelling in the Hilar portion of right Sialolithotomy and surgical
A4 F 21 Not specific GA ~
right submandibular area SMG extraction of #38,48
Discomfort in the left Hilar portion of left Sialolithotomy and
AS F 24 Not specific GA ~
SMG area SMG ductoplasty
Swelling in the right Hilar portion of right
A6-1 F 48 Not specific ~ Spontaneously came out ~
SMG area SMG
Hilar portion of right Sialoendoscopy and
A6-2 F 50 Not specific ~ ~
SMG ductoplasty on right SMG
Swelling and pain in the  Hilar portion of SMG Tonsil, right,
A7 F 20 Not specific right submandibular (both sides); GA Sialolithotomy, tonsillectomy tonsillectomy;
salivary gland area tonsils (both sides) Tonsillar hyperplasia.
Swelling in the Left Wharton's duct
A8 M 55 Not specific v Sialolith removal
sublingual area orifice
A9 M 63 HCV, HTN Pain and swelling in the Left Wharton's duct v Sialolithotomy SMG mass excision;
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left submandibular

salivary gland area

orifice

Sialolith.

Recurrent tender

Left Wharton's duct

Al0 28 Not specific v Sialolithotomy (left SMQG)
swelling for two years orifice
Came for impacted third  Hilar portion of right
All 28 Not specific v Sialolithotomy (right SMG)
molar removal SMG
Swelling and pain in the Left Wharton's duct
Al2 29 Not specific ] ) ~ Sialolithotomy (left SMG)
sublingual area orifice
Pain and swelling due to
yellowish hard mass on Right Wharton's duct Minor sialolithotomy
Al3 7 Not specific
right Wharton’s duct orifice
orifice
Pain upon swallowing
Hilar portion of right SMG area, right, biopsy;
Al4 48 Not specific saliva or eating food, v Sialolithotomy (right SMG)
SMG Chronic sialodochitis.
limited mouth opening.
Hilar portion of right
AlS 29 Not specific Swelling v
SMG
Al6-1; Sore throat, pain upon
39 Not specific Both SMG hilum area GA Sialolithotomy, ductoplasty
16-2 swallowing
Hilar portion of left Recurrent sialolithiasis
Al7 47 Not specific Pain and swelling v Sialolithotomy
SMG
Hyperlipidemia, ) ) Left Stensen’s duct Endoscopic assisted
Al 68 Pain and swelling v

allergic rhinitis

orifice

sialolithotomy, ductoplasty
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Hilar portion of left

Al9 M 21 Not specific Pain and swelling v Sialolithotomy
SMG
Hilar portion of right Sialolithotomy and
A20 F 30 Discomfort GA
SMG ductoplasty
1. Tonsillar tissue, right,
) ) tonsillolith removal;
Right tonsil;
Numbness in the left Tonsillolith removal, Chronic tonsillitis.
Bl M 53 HTN #36 extraction socket GA
mandible area Saucerization 2. Mandible, left,
area
saucerization;
Chronic inflammation.
Maxillary sinus, right,
) Nasal obstruction and ) ) ) MESS;
Cl1 M 48 Not specific ) Right maxillary sinus v MESS ) )
pain Chronic maxillary
sinusitis
Nasal obstruction and
Cc2 M 60 Not specific Left maxillary sinus GA MESS and mass excision

pain

GA, general anesthesia; IV, intravenous sedation; SMG, submandibular salivary gland; HTN, hypertension; MESS, modified endoscopy-assisted sinus surgery
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Table 2. Morphometric parameters analyzed with micro-CT

' ) ) 0bj.S/0Obj.V  Obj.S/TV St. Th St.Sp
Group TV (mm?®)  Obj. V(mm®) Obj.V/TV% TS (mm?) Obj.S (mm?) Po(tot) (%)
(mm™) (mm™) (mm) (mm)
Group A 357.63+414.41 136.76£137.74 46.29+£21.19 268.41+221.85 834.69+1200.21 3.07+4.07 0.83+0.93  0.81+£0.36  0.96+0.62 54.15+£21.14
Group B 60.60+0.00 50.00+00 82.51+0.00 109.98+0.00 260.60+0.00 0.01+0.00 0.00+£0.00  0.52+0.00  0.19+0.00  17.49+0.00
Group C  319.84+387.55 102.53£129.19  50.05£21.96  257.07+£208.96 773.67+1100.15 2.56+4.53 0.69+0.90 0.76+£0.36  0.86+0.61 50.33+21.99
P value 0.663 0.816 0.208 0.782 0.863 0.578 0.370 0.458 0.282 0.197

TV, total VOI (volume of interest) volume; Obj. V, object volume; Obj.V/TV, percent object volume; TS, total VOI surface; Obj.S, object surface; Obj/S/Obj.V, object surface/
volume ratio; Obj.S/TV, object surface density; St.Th, structure thickness; St.Sp, structure separation; Po(tot), total porosity (percent)

One-way ANOVA test was used for comparison between groups
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Table 3. Comparison level of Ca, C, O and P between the groups

Weight percentage (wt%)

Atomic percentage (at%)

Ca C P O Ca C P O
Group A 20.72+5.53 21.36+4.50 11.08+6.57 36.77+7.63 9.55+2.77 31.85+5.29 6.97+4.18 42.03+£9.27
Group B 17.48+3.02 15.33+4.50 13.75+4.86 38.31£2.70 8.23+1.51 23.92+6.40 8.45+£3.14 45.95+3.46
Group C 17.18+6.98 32.86+17.60 4.79+4.53 29.2443.21 7.2843.31 43.23+17.25 2.63+£2.47 30.52+4.33
p value 0.258 0.006* 0.233 0.016* 0.153 0.004* 0.217 0.002*

One-way ANOVA test was used for comparison between groups
*p <0.05 were considered statistically significant
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Table 4. Elemental composition of the specimen in Group A, B and C

Weight percentage Atom percentage
Group A Group B Group C p value Group A Group B Group C p value

Ca  20.7245.31 17.48+3.02 17.18+6.98 0.258 9.55+2.77 8.22+1.51 7.28+3.31 0.153

C 22.36+4.50 15.33+.02 31.98+16.64  0.006*  31.85+5.29 23.92+6.40  40.00+£19.24  0.039*
0) 36.77£7.63  38.31+0.70 29.24+£3.21  0.016*  42.03+9.27 45.95+3.46  30.52+4.33  0.002*
Cu 13.39+0.00 ~ ~ ~ 4.62+0.00 ~ ~ ~

F 5.89£1.30 2.15+0.00 10.38+4.24 0.137 6.08+.1.27 2.24+0.00 9.59+4.17 0.194
N 14.68+5.63 7.93+3.39 7.93+3.39 0.031*  17.77+6.33 10.47+3.90 14.78+5.39  0.114
Na 2.22+0.47 2.27+0.72 3.81+2.49 0.178 1.89+4.18 1.85+0.53 2.89+2.02 0.311

P 11.08+6.57 13.75+4.86 4.7944.53 0.233 6.97+4.18 8.45+3.14 2.63+2.48 0.217
Si 9.29+6.59 5.74+4 .43 3.76+2.88 0.158 6.16+4.50 3.61+2.69 2.34+1.86 0.139
Zn 10.68+0.00 ~ ~ ~ 3.59+0.00 ~ ~ ~
Zr 7.41+0.00 3.51+0.00 ~ ~ 1.59+0.00 0.75+0.00

Fe ~ 0.87+0.00 ~ ~ ~ 0.30+0.00 ~ ~
Mg 1.76+0.28 2.54+0.53 2.89+1.54 0.182 1.41+0.23 1.96+0.36 2.09+1.15 0.283

One-way ANOVA test was used for comparison between groups
*p < 0.05 were considered statistically significant
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Table 5. Elemental composition of the sialolith specimen of group A at the peripheral, middle and core regions

Weight percentage (wt%)

Atom percentage (at%)

Periphery Middle Core v a{l)ue Periphery Middle Core v a{l)ue
Ca 19.97+4.36 20.73+4.37 22.15+8.50  0.826 9.58+2.04 9.2542.53 10.28+4.06 0.817
C 21.19+2.53 40.08+4.79 36.53£4.39  0.585  34.00+5.18 32.094£5.36 30.36+5.59 0.531
33.24+13.26 40.08+4.79 36.54+4.39 0.19  39.54+1593 39.54+15.63  41.61+£5.87 0.952
Cu 13.39+0.00 ~ ~ 4.62+0.00 ~ ~ ~
6.64+0.11 4.39+0.00 ~ 0'(,137 6.81+£0.13 4.62+0.00 ~ 0.048*
N 12.22+8.54 15.71+£3.03 15.41+£7.41 0.720  15.62+8.60 18.29+3.21 19.06+9.47 0.808
Na 2.22+0.55 2.61+0.00 2.56+0.09 0.531 2.23+0.00 2.23+0.00 2.18+0.09 0.833
P 12.58+6.88 8.10£10.77 12.03+6.31 0.804  11.07+0.00 5.224+6.99 7.42+3.94 0.650
Si 9.12+7.54 10.02+6.66 9.66+6.00 0.978 6.77+6.05 6.49+4.26 5.96+2.99 0.974
Zn 10.68+0.00 ~ ~ ~ 3.59+0.00 ~ ~ ~
Zr 7.41+0.00 ~ ~ ~ 1.59+0.00 ~ ~ ~
Mg 1.76+0.00 1.76+0.00 10.72£7.38  0.531 1.42+0.00 0.99+0.00 6.78+4.34 0.502
One-way ANOVA test was used for comparison between groups
p <0.05 were considered statistically significant
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Table 6. Elemental composition of the tonsillolith specimen of group B at the peripheral, middle and core regions

Weight percentage (wt%)

Atom percentage (at%)

Periphery Middle Core valljue Periphery Middle Core v eflyue
Ca 17.15+0.00 17.07+0.00 17.7244.25  0.988 8.17+0.00 8.19+0.00 8.26+2.13 0.999
C 13.93+0.00 41.88+0.00 17.3240.00  0.572  22.14+0.00 17.23+0.00  26.74+0.00 0.562
0] 31.01+0.00 41.88+0.00 37.56+2.55  0.446  44.17+£0.00  50.36+0.00  45.08+3.39 0.481
F ~ ~ 2.15+0.00 ~ ~ ~ 2.20+0.00 ~
N 6.87+0.00 5.95+0.00 11.75¢6.17  0.687  9.37+0.00 8.17+0.00 14.53+6.84 0.698
Na 2.01+0.00 1.71+0.00 2.44+4.03 0.802 1.67+0.00 1.43£0.00 1.96+0.72 0.814
P 18.03+0.00 18.08+0.00 10.8844.03  0.345  11.12+0.00 11.23+0.00 6.64+2.70 0.372
Si 1.63+0.00 2.214+0.00 4.824+0.00 0.316 1.11£0.00 1.51+0.00 3.19+1.01 0.321
Zr ~ ~ 3.51+0.00 ~ ~ ~ 0.75+0.00 ~
Fe 0.87+0.00 ~ ~ ~ 0.30+0.00 ~ ~ ~
Mg 2.48+0.00 2.36+0.00 2.62+0.72 0.950 1.95+0.00 1.86+0.00 1.10+0.51 0.973

One-way ANOVA test was used for comparison between groups
p < 0.05 were considered statistically significant
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Table 7. Elemental composition of the antrolith specimen of group C at the peripheral, middle and core regions

Weight percentage (wt%)

Atomic percentage (at%)

Periphery Middle Core Valljue Periphery Middle Core Valljue
Ca 13.10+0.33 14.91+£13.20  20.35+£5.26 0.494 5.18+0.66 6.44+6.48 8.75+£2.25 0.492
C 36.04+18.83 45.45+£33.94  24.98+5.07 0.455 46.22+1990 54.95+31.69 35.87+7.61 0.496
O 32.48+4.69 30.29+1.57 26.48+1.40  0.045* 32.37+£7.93  31.26%6.39  28.24+1.36 0.492
F 4.86+0.00 15.18+0.00 10.74+£0.33  0.044* 4.35+0.00 14.55+0.00 9.72+0.27 0.037*
8.15+£1.96 ~ 15.20+1.87  0.027* 9.33+.17 ~ 18.41+1.86  0.025%
Na 2.04£0.55 4.08+£5.17 4.93+0.58 0.535 1.42+0.52 1.42+0.52 3.75+0.54 0.012%*
P 7.99+0.00 ~ 1.58+0.00 ~ 4.38+0.00 ~ 0.88+0.00 ~
Si 4.09+5.51 ~ 5.394+2.31 0.726 2.24+3.03 ~ 3.38+1.54 0.604
Mg 0.93+0.00 ~ 3.55+0.99 0.150 0.65+0.00 ~ 2.56x0.79 0.170
One-way ANOVA test was used for comparison between groups
p < 0.05 were considered statistically significant
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Figures and figure legends

Figure 1. Schematic drawing of the sialolith formation. Sialomicroliths are
microscopic concretions of the salivary gland and are found in asymptomatic
individuals. (A). During salivary stagnation or secretory inactivity, sialomicroliths
at a certain size may cause ductal obstruction (B) leading to further inflammation,
retrograde infection of bacteria, swelling, sclerosis and atrophy (C). At this time
neutrophils enter the salivary gland and externalize their NETs, which attract and
trap calcium-based crystals such hydroxyapatite, brushite, and whitlockite and

promote the pathogenesis of sialolithiasis (D).

:‘:?:35? Neutrophil

Plasma membrane
rupture and the release of NETs

Fa Sialomicroliths

/ Bacteria

Further inflammation and Sialolith formation and further
compression of the parenchyma obstructive atrophy
49

5 4 &8t i



Figure 2. Schematic drawing of the tonsillolith formation. Adult palatine tonsils
have an average of 10-20 crypts (A). These crypts become an anaerobic environment
for bacterial accumulation (B). Tonsilloliths are similar in architecture and
physiological behavior to dental biofilms (C). As the biofilm matures, the crypt

dilates with inflammation (D).

B - 4
Tonsil crypt become an anaerobic J/ Bacteria
environment for bacteria to accumulate and
form biofilms
Biofilm
formation

C ®- . Co-
Bacteria adhere to a surface in moist As the biofilm matures it dilates the
environment and are held together by an crypt to accommodate the tonsillolith
extracellular polymeric substance and cause inflammation
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Figure 3. Schematic drawing of antrolith formation. Patent osteo-meatal unit (OMU)
with drainage and ventilation of the maxillary sinus (A). The formation of antrolith
may begin with the calcification of a nidus of endogenous origin, which continues

to increase due to the precipitation of calcium salts in a sinus with obstructed OMU.

(B). Precipitation of minerals around the nidus (C).

Patent osteo-meatal unit Obstructed OMU Antrolith formation
(omMu)
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Figure 4. Clinical, two dimensional (2D) micro-CT cross section, and 3D
reconstructed images of sialoliths A4, AS, A7, A8, A9, A10, All, and Al2.
Sialoliths show onion-like concentric lamellar structure. Brighter regions represent

higher mineralization and dark regions represent organic substance. Scale: 2 mm.
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A7

A10
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Figure 5. Clinical, 2D micro-CT cross section, and 3D reconstructed images of

sialoliths A15, A16-1, A16-2, A18, A19, and A20. Scale: 2 mm.
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A16-1

A16-2

A18

A19

A20
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Figure 6. Clinical, 2D micro-CT cross section, and 3D reconstructed images of B1,

C1, and C2 specimens. Scale: 2 mm.
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Figure 7. Representative histological findings of sialolith Al with a highly
mineralized single core, (H&E staining, 4x). Scale bar = 500 um. (A). Eosinophilic
core (black asterisk), (H&E staining, 20x). Scale bar = 50 um (B). Mineralized
nodules in the outer core (black arrowhead), (H&E staining, 20x). Scale bar = 50 um
(C). Tear-drop shaped globules (black arrows), (H&E staining, 20x). Scale bar = 50
pm (D). Less mineralized layers of sialolith stained with purple (red arrowhead),
nodules undergoing mineralization (blue arrowhead), (H&E staining, 20%). Scale bar
= 50 pm (E). Mineralized nodules (black arrowhead), (H&E staining, 20%). Scale

bar = 50 um (F).
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Figure 8. Representative histological findings of sialolith A2 with a single organic
core where the core has been lost during the histological slide preparation, (H&E
staining, 4x). Scale bar = 500 um. (A). Globular lipid particles found near the core
of the sialolith (black arrowhead), (H&E staining, 20x). Scale bar = 50 pm (B).
Mineralized nodules were found in the outer layers of the core showing irregular
mineralization (black arrow), (H&E staining, 20%). Scale bar = 50 um (C).
Amorphous basophilic materials at the outer layer, (H&E staining, 20x). Scale bar =
50 um (D). Alternating irregular pattern of highly mineralized and less mineralized
layers at the periphery of the sialolith (E), (H&E staining, 20x). Scale bar = 50 um

(E). Needle-like crystallization (yellow arrow), (H&E staining, 20%). Scale bar = 50

um (F).
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Figure 9. Representative histological findings of sialolith A3 with two cores (black
arrow), (H&E staining, 4x). Scale bar = 500 pm. (A). The core found at the periphery
of the sialolith showed a highly mineralized homogenous core (black asterisk),
(H&E staining, 20x). Scale bar = 50 pm (B). The core found in the middle layer of
the sialolith showed a highly mineralized core compared to the outer layers (black
asterisk), (H&E staining, 20x). Scale bar = 50 pm (C). Globular structures (black
arrowhead), (H&E staining, 20%). Scale bar = 50 um (D). The branch at the outer
layer consists of mineralized nodules (E), (H&E staining, 20x). Scale bar = 50 um

(E). Globular structures (yellow arrowhead), (H&E staining, 20x). Scale bar = 50

um (F).
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Figure 10. Representative histological findings of sialolith A6-1 showing no distinct
core, (H&E staining, 4x). Scale bar = 500 pm. (A). Highly mineralized globular
structures found in the center of sialolith (black arrow), (H&E staining, 20x). Scale
bar = 50 pm (B). Details of amorphous basophilic materials found in the outer layer
of the sialolith, (H&E staining, 20x). Scale bar = 50 um (C). Detail of alternating
layers of mineralized globular structures (black arrow), (H&E staining, 20x). Scale
bar = 50 um (D). Amorphous basophilic materials with mineralized nodule (black

arrowhead) (E), (H&E staining, 20x). Scale bar = 50 um (E). Globular structures in

the middle layer (black arrowhead), (H&E staining, 20%). Scale bar = 50 um (F).
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Figure 11. Representative histological findings of sialolith A6-2 showing no distinct
core, (H&E staining, 4x). Scale bar = 500 pm. (A). A nodule with highly mineralized
outer later (black asterisk), (H&E staining, 20x). Scale bar = 50 pm (B). Alternating
layers of mineralized and less mineralized globular structures (H&E staining, 20%).
Scale bar = 50 um (C). Amorphous basophilic material at the periphery of the

sialolith, (H&E staining, 20x). Scale bar = 50 um (D). Globular structures in the

outer layer (black arrowhead), (H&E staining, 20x). Scale bar = 50 um (E-F).
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Figure 12. Representative histological findings of pediatric sialolith A13 with a
highly mineralized single core, (H&E staining, 4x). Scale bar = 500 pum. (A).
Eosinophilic core (H&E staining, 20x). Scale bar = 50 um (B). Laminated structures
with concentric pattern and mineralized nodules were observed in the periphery of
the sialolith (H&E staining, 20x). Scale bar = 50 um (C). Amorphous basophilic
materials were observed at the middle layer of the sialolith (H&E staining, 20x).
Scale bar =50 pm (D). Mineralized nodules (black arrowhead), (H&E staining, 20x).

Scale bar = 50 um (E). Globular structures (black arrow), (H&E staining, 20%). Scale

bar = 50 um (F).
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Figure 13. Representative histological findings of sialolith A14 with a single organic
core where the core has been lost during the histological slide preparation (black
asterisk), (H&E staining, 4%). Scale bar = 500 pm. (A). Thin layers of less
mineralized structures, (H&E staining, 20x). Scale bar = 50 pum (B Amorphous
basophilic material at the periphery of the sialolith, (H&E staining, 20x). Scale bar
=50 um (C). Needle-like crystallization (black arrow), (H&E staining, 20%). Scale
bar = 50 um (D). Highly mineralized nodules (black arrowhead), (E), (H&E staining,

20x). Scale bar = 50 pm (E). Globular structures (black arrow), (H&E staining, 20%).

Scale bar = 50 um (F).
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Figure 14. Histopathological findings of H&E stained tonsillolith specimen (B1),
2x (A). The overall specimen exhibits a crystalline structure of organic material at a
mature stage of its development, 5x (B). A duct-like structure was observed at the
center of squamous epithelium indicating the minor salivary gland duct, 20x (C).
Squamous epithelium on the surface of the tonsillolith was noted to extend toward
the lining of the tonsil crypt (yellow arrowheads), magnification 10x, 20x, 40x,
respectively (D-F). At high magnifications the tonsillolith was composed of dense

matrix, and microbial colonies were found composed of rods and cocci (red

arrowheads), 10x, 20x, 40x%, respectively (G-I).
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Figure 15. Histopathological findings of H&E stained antrolith (C1), 2x (A). The
lesion was not encapsulated and showed a homogeneous lamellar bone with fibrous
marrow cavities. The woven bone was replaced by lamellar bone with Haversian
canals at the periphery, 10x, 20x, 40%, respectively (B-D). Inflamed granulation

tissue with bone sequestrum, 2x, 10%, 20x, 40x, respectively (E-H).

63



Figure 16. Scanning electron microscopy (SEM) images of seven exemplary stones
at 50x magnification. Submandibular gland sialolith A5 (A). Sialolith from the right
submandibular salivary gland in A1l (B). Salivary gland stone from the right
submandibular salivary gland in A12 (C). Recurrent salivary stone from the left

submandibular salivary gland in A15 (D). Tonsillolith (E). Antrolith from the right

maxillary sinus in C1(F). Antrolith C2 (G).
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Figure 17. Combined SEM images at 500x magnification of sialolith (A5) with 05
focused points of interest. [rregular structure seen at the periphery of the sialolith at

point 01. A plate-like structure was observed on the point 02. Globular structure seen

at the core of the sialolith (yellow arrowhead).
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Figure 18. Combined SEM images at 500x magnification of sialolith A6-2 with 14

points of interest.
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Figure 19. Combined SEM images at 500x magnification of sialolith A14 with 08
focused points of interest. Alternating layers of organic and inorganic/mineralized
bands are observed. Suggested colony of elongated bacteria at the surface of the
stone from point 01 at 20,000x magnification. Irregularly shaped structure formation
from point 03 at 20,000x magnification. Denser highly mineralized structure is seen
on points 03, 04. Bacterial biofilm with single calcite-like crystal from point 05 at

20,000x magnification (blue arrowhead). Irregularly shaped structure formation

from point 08 at 20,000x magnification.

67



Figure 20. Combined SEM images at 500x magnification of sialolith A17 with 13

points of interest.
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Figure 21. Backs scattered electron images of A17.
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Figure 22. Combined SEM images at 500x magnification of tonsillolith (B1) from

group B cross-sectional surface at the center with the marking of ten focal points of

interest.
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Figure 23. Combined SEM images at 500% magnification of antrolith (C1) from

group C cross-sectional surface at the center with the marking of 14 focal points of

interest.




Figure 24. Combined SEM images at 500% magnification of antrolith (C2) from

group C cross-sectional surface at the center with the marking seven focal points of

interest.
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Figure 25. Mapping of elemental distribution and a spectrum of the representative
points with EDS results in sialolith A5. SEM image, 10,000x magnification. EDS
analyses were carried out on five representative points of interest on the peripheral
(P), middle (M), and core (C) layers. The major elements observed in the specimen
were Ca, P, O, and C. A non-homogeneous distribution of Si and Ca were found at

02-M point of interest.
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Figure 26. Mapping of elemental distribution and a spectrum of the representative
points with EDS results in sialolith A6-1. SEM image, 10,000x magnification. EDS
analyses were carried out on five representative points of interest on the peripheral
(P), middle (M), and core (C) layers. A non-homogeneous distribution of O and Ca

was found at 01-P point of interest.
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Figure 27. Mapping of elemental distribution and a spectrum of the representative
points with EDS results in sialolith A14. SEM image, 10,000x magnification. EDS
analyses were carried out on five representative points of interest on the peripheral

(P), middle (M), and core (C) layers.
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Figure 28. Mapping of elemental distribution and a spectrum of the representative
points with EDS results in sialolith A17. SEM image, 10,000x magnification. EDS
analyses were carried out on five representative points of interest on the peripheral

(P), middle (M), and core (C) layers.

Distribution map Spectrum, EDS EDS results
; Lt
.
" Miass Miace oo rm. Acomabs. arror ] raL emar 3]
»4 ElmentALNG ) %] (K] (1sgme)  (1sigma)
! e 1m onm on o 1
N T nm s st u
o s1m nwouw Fr—
o mim m% am a1 am
01-P g Man  amoam aw e
= 10,000 SEM
v
s Vi N, o s, sevo ] . amarl]
e AL ™ 1 (3mgma) (3 sigma)
¢ s ma ma wnounm
¢ n 7 me mm o sa
¥ o san e e T
02-P |, 6 @ mmoa o am
# mom o ow o
1R e om

g, M1 S N, At a0 ot %)
s S (%) ] g (o)

sgee=znp 7

10,000 SEM

ep
Bement AL M s o, Akomabaero K] el v
e BB B (gl (2zgma)
6223 2R B
7i8 e uw om sam
sam 6w ue m s
14005 w18 o m
04-C s s 7 022 an
* 10,000 SEM
nsp
Mass Mess ot tom s evror ] el aror 5]
HemeotALM gy 1 0 (s (sgma)

¢ o 0w
. Jim nwome s o
05-C o fin neoue  osa b
G mia mmopn e e
n mom  swoaw o

e e

x 10,000 SEM

76



Figure 29. Mapping of elemental distribution and a spectrum of the representative
points with EDS results in tonsillolith (B1). SEM image, 10,000% magnification.
EDS analysis was carried out at five representative points of interest on the

peripheral (P), middle (M), and core (C) layers.
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Figure 30. Mapping of elemental distribution and a spectrum of the representative
points with EDS results in antrolith (C1). SEM image, 10,000% magnification. EDS
analysis was carried out at three representative points of interest on the peripheral

(P), middle (M), and core (C) layers.
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Figure 31. Mapping of elemental distribution and a spectrum of the representative
points with EDS results in antrolith (C2). SEM image, 10,000% magnification. EDS
analysis was carried out at five representative points of interest on the peripheral (P),

middle (M), and core (C) layers.
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Figure 32. Representative TEM images of sialolith A6-1. Globular structures of
mineralization (yellow arrowhead), magnification 2,000%, 10,000x (A-B). Lipid

vesicles, magnification 2,000, 1000x (C-D). Finger-like globular structures were

found, magnification 2,000x, 10,000x (E-H).
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Figure 33. Representative TEM images of sialolith A6-2. Layered appearance of the
sialolith showing the globular mineralized structure in internal lamella, (blue
arrowheads), while the crystalline needle-like pattern was heterogeneous (yellow
arrowheads), magnification 2,000, 10,000x (A-B). Large single crystals,
magnification 2,000%, 10,000x (C-D). Deposition of inorganic material (white

arrows), magnification 2,000x, 10,000x (E-F). Needle-like filamentary crystals,

magnification 2,000%, 20,000 (G-H).
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Figure 34. Representative TEM images of pediatric sialolith A13. In the internal
lamellas, the globular structure was dominant (blue arrowheads), while the
crystalline pattern was heterogeneous in several outer layers, with some regions of
needle-like patterns (yellow arrowheads), magnification 2,000%, 6,000x,
respectively (A-B). Intra-vesicular and extra-vesicular deposition of inorganic
matter and large membranous bodies (white arrows), magnification 3,000, 6,000%
(C-D). Globular structures were detected in the external, magnification 3,000x%,
10,000% (E-F). Globular exosomal-like structures approximately 0.5 um in diameter
were detected in the internal lamellas (red arrowheads), magnification 6,000x (G).
The globular structures were noticed to have internal and surface opaque contraction.

Some globular structures had double membranes (blue asterisk). Extra-vesicular

deposition of inorganic matter (black arrowhead), magnification 6,000% (H).
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Figure 35. Representative TEM images of recurrent sialolith A17. In the peripheral
lamella a homogenous layer of organic compounds was found, magnification 3,000%
(A). Deposition of large single microcrystalline inorganic compounds were
identified, magnification 3,000%, 10,000x (B-C). Needle-like filamentary crystals
were arranged in clusters and in different directions (blue arrowhead), magnification

6,000% (D). Deposition of inorganic matter, magnification 3,000, 20,000x (E-F).

Clusters of parallelepiped crystals, magnification 3,000%, 20,000x (G-H).

83



Figure 36. Representative TEM images of B1 tonsillolith. In the peripheral area of
the tonsillolith, stratified squamous epithelium was found, magnification 3,000x,
10,000% (A-B). Bacterial present in the middle layer of the tonsillolith, magnification
3,000%, 10,000x (C-D). Needle-like crystals in the core of the tonsillolith,

magnification 3,000%, 10,000% (E-F). Extra-vesicular deposition of inorganic

material, magnification 3,000, 20,000x (G-H).
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Figure 37. Representative TEM images of C2 antrolith. Outer layer showing
osteoblastic rimming, magnification 3,000%, 10,000x (A-B). Dense, mature,
predominantly lamellar bone in the middle area of the specimen, magnification

3,000%, 10,000x (C-D). Absence of Haversian canals and no fibrous component in

the middle area of the specimen, magnification 3,000%, 10,000x (E-H).
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