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Resumo 

 

Os métodos de litotripsia apresentam menor eficiência na fragmentação de cálculos salivares 

(sialolitos) em comparação com as taxas de sucesso conseguidas em cálculos renais. A 

tenacidade à fractura dos sialolitos não é bem compreendida, existindo pouca informação sobre a 

sua ultraestrutura e a sua composição, bem como sobre a influência destas características 

intrínsecas na resposta à litotripsia. 

Os sialolitos apresentam, tipicamente, um núcleo principal rodeado por regiões de 

crescimento concêntrico ou irregular compostas, a menor escala, por estruturas lamelares 

e/ou globulares com grau de mineralização variável. O estudo destas configurações por 

microscopia electrónica revelou que as estruturas lamelares resultam de um fenómeno 

quasi-periódico de precipitação mineral (precipitação de Liesegang-Ostwald), enquanto as 

estruturas globulares têm origem num efeito de tensão superficial entre dois fluidos orgânicos 

imiscíveis.  

Análise por espectroscopia de infravermelho demonstrou que a matéria orgânica presente 

nos sialolitos corresponde essencialmente a saliva desidratada. Por outro lado, a difracção de 

raios-X mostrou que a matéria mineral consiste numa mistura de hidroxiapatite deficiente em 

cálcio (89 % vol.) e whitlockite (11 % vol.). A densidade média da matéria mineral é de 2,8 

g/cm3 e, em condições hidratadas, a matéria orgânica, com uma densidade de 1,2 g/cm3, ocupa 

cerca de 65 % do volume dos sialolitos. A relação entre a densidade mineral dos sialolitos e a 

atenuação de raios-X foi determinada por microtomografia computadorizada, em condições ex 

vivo, e validada para tomografia computadorizada helicoidal em condições in vivo. 

Indentação mecânica a escalas nano e micrométricas permitiu estabelecer uma relação entre 

ultraestrutura/composição e propriedades mecânicas locais, usada para justificar o 

comportamento mecânico das estruturas compósitas de matéria orgânica/mineralizada à escala 

macro. O estudo dos efeitos induzidos por litotripsia mecânica mostrou que as reverberações 

transmitidas por sondas ultra-sónicas ou pneumobalísticas afectaram preferencialmente as 

regiões mineralizadas, não danificando as zonas orgânicas circundantes. Em contraste, as ondas 

de choque lixiviaram os componentes orgânicos, causando erosão de toda a estrutura. Ablação 

por laser de Ho:YAG destruiu homogeneamente as zonas irradiadas, porém, não se observou 

propagação de fissuras ou outro tipo de dano, sendo o seu efeito localizado. 
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Em suma, a estrutura e a composição dos sialolitos são factores determinantes no seu 

comportamento à fractura e a presença de matéria orgânica contribui para reduzir a eficiência 

dos métodos de litotripsia. O conhecimento das características destas calcificações em contexto 

pré-terapêutico é, portanto, essencial para uma optimização dos parâmetros de litotripsia. 
 

Palavras-chave: Sialolitos, propriedades mecânicas, litotripsia, tomografia computadorizada. 
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Abstract 

 

Lithotripsy methods show lower efficiency in the fragmentation of salivary calculi 

(sialoliths) compared to the success rates achieved with renal calculi. Their apparently 

tougher response is not fully understood, while limited information is available on the 

ultrastructure and composition of sialoliths and their role on lithotripsy efficiency. 

Sialoliths show typically a major core surrounded by regions of concentric or irregular 

growth that consist of banded and globular structures with variable degree of mineralization. 

The mineralization of the banded structures is compatible with a quasi-periodic mineral 

precipitation process (Liesegang–Ostwald precipitation), whereas the globular structures arise 

from surface tension effects between two immiscible fluids. 

Infrared spectra showed that the organic fraction was consisted of dehydrated saliva, 

whereas X-ray diffraction revealed that the mineral matter is composed of a mixture of 

calcium-deficient hydroxyapatite (89 % vol.) and whitlockite (11 % vol.), with an average 

density of 2.8 g/cm3. In hydrated conditions, the organic matter has a density of 1.2 g/cm3 and 

occupies most of the sialoliths’ volume (~ 65 % vol.). The relation between sialoliths mineral 

density and X-ray attenuation was established by ex vivo computed microtomography and 

validated for in vivo helical computed tomography. 

A clear correlation between the local mechanical properties and ultrastructure/chemistry 

was established by mechanical indentation tests at nano and microscale. These results were 

used to understand the mechanical behaviour of the organic/mineral composite structure at 

macroscale. Ultrasonic and pneumoballistic reverberations damage preferentially highly 

mineralized regions, leaving relatively unaffected the surrounding organic matter. In contrast, 

shock waves leach the organic component and lead to erosion of the overall structure. Laser 

ablation destroys homogeneously the irradiated zones, although the damage is less extensive 

than with mechanical methods. 

Overall, the present results show that the composition and internal morphology are key 

features behind sialoliths’ comminution behaviour and that the presence of organic matter 

reduces the therapeutic efficiency of lithotripsy methods. 

 

Key words: Sialolith, mechanical properties, lithotripsy methods, computed tomography. 
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Chapter 1. Introduction 

1.1. Motivation 

Lithotripsy methods show a less than desirable success rate in sialolith fragmentation 

compared to the success rates achieved in urology: 34-69 % for parotid and 32-42 % for 

submandibular calculi [1-5] vs. typically higher than 80 % for renal calculi [6]. Combination 

of lithotripsy techniques has been proposed to increase the efficiency of sialolith 

comminution [7]. However, the therapeutic decisions are compromised by the limited 

information available on the composition, internal structure and mechanical behaviour of 

sialoliths, and advanced characterization is necessary to increase the fundamental knowledge 

on these calcified structures. In addition, the field lacks suitable methodologies of extracting 

quantitative information from X-ray computed tomography, currently used in sialolithiasis 

diagnosis [8, 9]. The present work employs a correlative approach to characterize the 

structure of sialoliths through in vivo and ex vivo observations and investigates fundamental 

aspects of their response to mechanical fragmentation and laser ablation. 

 

1.2. State of the art 

1.2.1. Sialolithiasis 

Sialolithiasis is the presence of calculi (sialoliths) in the parenchyma or ducts of salivary 

glands [10]. The condition presents a lifetime clinical prevalence of about 0.5 % in the 

general population [11] occurring predominantly in the submandibular and parotid glands 

(respectively, 80-90 % and 5-20 %), while sublingual and the minor salivary glands are 

seldom affected [12, 13]. Sialolithiasis causes pain and swelling of the glandular system by 

obstruction of the food-related surge of salivary secretions [14], which induces stasis of the 

saliva and facilitates bacterial ascent [15]. Long-term obstruction, even in the absence of 
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bacterial infection, leads to atrophy of the involved salivary gland, with concomitant ceasing 

of the secretory function and, ultimately, fibrosis [16].  

Sialoliths’ lithogenesis reflects a disorder in the natural occurrence of intracellular and 

luminal sialomicroliths [17]. Duct obstruction and/or secretory inactivity lead to stagnant Ca-

rich secretory material, which in the presence of cellular debris and phospholipids exposed on 

damaged cell membranes promote nucleation and growth of calculi [16, 17]. However, these 

mechanisms and their specific contributions are not well understood. 

Sialoliths consist of saliva-based fluids condensed into gel-like networks that act as 

matrices for deposition of mineral substances [17]. The proportion, distribution and 

morphology of weakly and highly mineralized regions are variable [18]. Nonetheless, the 

chemical composition of the mineral and organic components is rather uniform across 

specimens and patients [19]. The organic matter contains proteins, glycoproteins, 

mucopolysaccharides and lipids [20-23], while the mineral matter consists of calcium and 

magnesium phosphates crystallized as hydroxyapatite (HA), whitlockite (Whi) and 

occasionally brushite or octacalcium [20, 24, 25].  

Sialoliths show variable size, with typical diameters between 2 and 10 mm [26], density 

in the 1.1 - 1.4 g/cm3 range [9, 27], and diversity in the configurations of organic and 

mineralized regions [16, 17, 28, 29]. In general, their internal structure comprehends one 

single and well-defined core of organic or mineralized nature, surrounded by approximately 

concentric layers [30, 31] that, at fine scales, display diverse patterns, ranging from bands of 

alternating organic/mineral matter to organic globules surrounded by highly mineralized 

regions [18]. 

Globules of organic matter have been found on external surfaces [32, 33] as well as on 

fracture surfaces and polished cross-sections of sialoliths [18]. When dispersed through 

highly mineralized regions, these organic globules present interfaces evidencing 
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self-similarity at different scales [28]. The invariant scaling concept of fractal analysis can be 

empirically used to describe features that are self-similar over extended, but finite, scales, 

with applications ranging from metallic microstructures [34] to pharmacokinetics [35]. The 

change in detail of the pattern with the change in scale is defined by the fractal dimension, Df, 

as given by the scaling rule [36]: 𝑁 ∝  εିୈ, where N is the number of boxes of linear size 

required to cover the regions of interest. The fractal dimension is thus a quantitative 

parameter of the physical phenomenon governing the pattern-forming process [36], and a 

deeper understanding of the mechanisms behind the formation of sialoliths can be obtained 

from the growth patterns and local morphology, including the globular self-similar structures. 

 

1.2.2. Diagnosis 

Sialoliths are usually diagnosed by X-ray imaging, X-ray sialography, X-ray computed 

tomography, ultrasonography or magnetic resonance imaging [37]. In addition to size and 

location of the calculi, these techniques can provide valuable information on the composition 

and internal structure of sialoliths, which control the response to lithotripsy and are thus 

relevant for treatment decisions [38, 39]. 

X-ray helical computed tomography (HCT) is becoming the mainstay imaging method for 

sialolithiasis diagnosis [40, 41]. Single and dual energy HCT, in in vivo and ex vivo 

conditions, have been used to determine the composition and predict the outcome of shock 

wave lithotripsy of renal calculi [42-49]. However, in the case of sialoliths, fewer 

tomographic studies have been carried out [8, 9]. 

The composition of renal calculi is diverse and often two or more distinctive mineral 

phases can be found in the same specimen [50]. This leads to uncertainty in establishing the 

composition from in vivo HCT due to volume averaging resulting from the relatively poor 

spatial resolution [46, 51, 52]. In sialoliths, the mineral component is essentially calcium 
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phosphate, which greatly simplifies the analysis of HCT data and allows inferring the 

mineralization degree directly from attenuation. Nevertheless, the spatial resolution is still a 

limiting factor in assessing the fine morphology and dispersion of the mineralized regions in 

sialoliths. 

In HCT, the distance of the object to the source controls the in-plane resolution, while the 

collimator width, that defines the slice thickness of the scanned region, governs the spatial 

resolution along the z-axis [53]. These parameters are set by the operator as a function of the 

level of detail required. However, instrumental characteristics, such as number of detector 

elements and signal-to-noise ratio typically limit the point resolution to 100-200 micrometers 

in conventional medical HCT scanners [54].  

Cone-beam computed tomography (CBCT) is also available for oral and maxillofacial 

imaging [55]. These relatively small and inexpensive clinical instruments scan volumes in a 

single rotation with spatial resolutions similar to HCT [56], while laboratory cone-beam 

computed microtomography (CT) instruments are able to resolve (sub)micrometer details 

[57]. In CBCT the voxels are typically cubic, and the resulting isotropic spatial resolution is 

set by the magnification used for the acquisition and is limited by device features such as 

focal spot size of the source and pixel size of the detector [58]. CT has been employed to 

analyse the composition [59] and validate in vivo HCT data of renal calculi [49]. However, in 

vivo X-ray attenuation has not yet been proposed for evaluation of sialoliths’ composition to the 

best of the author’s knowledge. 

 

1.2.3. Therapeutic approaches 

Depending on the calculus size and location, sialolithiasis management involves different 

approaches from surgical intervention to minimally invasive or non-invasive methods [60, 

61]. The latter reduce local morbidity and promote gland regeneration [62] and include 
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endoscopic extraction of small sialoliths and endoscopic/extracorporeal lithotripsy of larger 

sialoliths. Endoscopic lithotripsy relies usually on ultrasonic vibrations [63], ballistic impacts 

[7] or laser ablation [64], while extracorporeal lithotripsy is performed with focused shock 

waves [1, 7]. The working principles of these methods are summarized in Figure 1.1 and 

reviewed below. 

 

 

Figure 1.1 - Lithotripsy working principles. Adapted from [63]. 

 

Mechanical lithotripsy 

The mechanically induced fracture is generally a fatigue process, associated with 

cavitation, spalling and/or shear stresses: 

 Cavitation is the formation of vapour cavities in a liquid subjected to rapid 

pressure variations [65]. Negative pressures produce bubbles that collapse under 

positive pressures [66] producing high-speed microjets that induce spalling, 
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erosion, pitting, microcracking and propagation of compression/tensile waves in 

adjacent structures [67]. 

 Spalling refers to flakes breaking off from the calculus surface due to a variety of 

mechanisms including cavitation, direct impacts and interaction with longitudinal 

compression/tensile waves. Spalling due to direct impacts occurs at high-stress 

contact points. Spalling due to longitudinal mechanical waves occurs upon 

reflection or transmission at interfaces with impedance mismatch (i.e. interfaces 

that induce phase changes in the waves); the compressive component is 

reflected/transmitted as a tensile one and adds to the trailing tensile stress of the 

incident wave. The local amplification of the tensile component leads to spalling. 

The phenomenon often involves the separation of a spherical cap at the posterior 

end of the calculus [68]. Layer separation and cleavage of crystals observed in 

concentric laminated renal calculi have been described as internal spalling [69]. 

 Fracture induced by shear stresses occurs due to a combination of both shear and 

compressive stresses that develop as mechanical waves travel through the calculus 

[70]. These stress fields induce crack nucleation, growth and coalescence at pre-

existing defects (such as cavities, inclusions and micro-cracks) leading ultimately 

to structural failure. In addition, large shear stresses tend to be generated at 

interfaces, contributing to fragmentation [70, 71]. 

(I) Ultrasonic vibrations 

In ultrasonic lithotripsy, vibrations with 23-25 kHz generated by mechanical, thermal, 

electrostatic or piezoelectric devices [63] are transmitted directly to the calculus by a rigid 

probe, which induces local oscillatory stress fields causing a drilling effect at the contact 

point [72]. 
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(II) Ballistic impacts 

In ballistic lithotripsy, an endoscopic oscillating projectile (probe) actuated by a 

pneumatic or electromagnetic device collides with the calculi surface like a jackhammer [63]. 

Part of the probe’s momentum is transferred to the calculus at the contact point from where it 

propagates divergently. Each pulse is composed of a single wave that induces damage into 

the calculus structure, mostly by acoustic impedance mismatch across defects/interfaces [73]. 

The propagation speed of these waves is lower than the speed of sound in the medium, 

therefore these so-called ‘ballistic shocks’ cannot be considered shock waves. 

 

(III) Shock waves 

Shock waves are large-amplitude waves formed by sudden compression of the fluid 

through which they propagate. Explosions or objects moving at a speed greater than the speed 

of sound in the medium are able to induce shock waves. Shock wave pulses are generally 

composed of a single supersonic wave, with a compressive front (shock) of 30 MPa to 110 

MPa decaying to a trailing negative pressure of -10 to -15 MPa [74, 75]. The shock wave 

entering the calculus is divided into pressure (longitudinal) and shear (transversal) components 

(Figure 1.2) that induce, respectively, compressive/tensile and shear stress fields in the calculus 

structure, producing cavitation, spalling and/or shear induced fracture [76]. External shock 

wave lithotripsy (ESWL) relies on electrohydraulic, electromagnetic or piezoelectric devices to 

produce shock waves that are focused by means of acoustic lenses into the focal zone, where 

the energy flux reaches a maximum [76]. Dedicated external devices with associated imaging 

systems are required to target the calculus with minimal injury to the surrounding tissues. 
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Figure 1.2 - Interaction of mechanical waves with the calculus structure. Adapted from [69] and [77].  

 

Laser lithotripsy 

Laser ablation is induced by photothermal and/or photomechanical interactions depending 

on the laser parameters (wavelength, power density, pulse frequency and pulse duration) and 

on the physical properties of the calculus [78, 79]: 

 Photothermal interactions are typical of long-pulsed lasers, i.e., lasers with pulse 

durations between 250 s and 750 s [80]. The energy transmitted to the calculus 

structure causes a confined heat accumulation that produces local phase changes 

and ejection of the melted/vaporized material from the irradiated area [78] (Figure 

1.3). 
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 Photomechanical interactions result from expansions induced by microexplosions 

and/or thermoelastic phenomena that depend on the local thermal absorption 

coefficient [78, 79]. Vaporization of hydration water can produce a sudden 

increase in pressure and ensuing microexplosions that lead to rupture of the 

surrounding structure [81]. The absorbed energy also causes an elastic expansion 

that can directly induce local fracture by spalling [82]. In addition, 

photomechanical interactions with the surrounding media (saliva) may generate 

explosions and plasma expansion/collapse phenomena [78] resulting in shock 

waves that propagate through and beyond the irradiated volume (Figure 1.3). 

The predominance of each of these damage mechanisms is governed by the laser 

parameters and the chemical/structural characteristics of the irradiated system [79]. 

 

 

Figure 1.3 – In laser ablation photothermal effects are responsible for central melting while photomechanical 

interactions affect mostly the surrounding regions. Adapted from [83]. 
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The extension of damage caused by ultrasonic vibrations, ballistic impacts, shock 

waves and photo-induced microexplosions or thermoelastic phenomena is expected to be 

critically dependent on the sialoliths’ mechanical properties [69, 81]. Specifically: 

 In the short timescales involved, the calculus resistance to deformation is essentially 

determined by the Young's modulus. 

 The resistance to cavitation-microjet impact is governed by the local hardness. 

 The resistance to spalling and crack propagation is ruled by fracture toughness. 

 

1.3. Work summary 

In this thesis, an interdisciplinary approach and correlative methodologies are used to 

investigate the chemistry, internal structure, growth patterns and mechanical behaviour of 

sialoliths, as well as the local response to laser and shock wave lithotripsy. 

Chapter 2 presents the experimental details and techniques employed in the 

characterization of sialoliths, namely, field-emission scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM), combined with energy-dispersive spectroscopy 

(EDS); X-ray diffraction (XRD); Fourier transform infrared spectroscopy (FTIR) and atomic 

emission spectroscopy (AES); nano and micro indentation; X-ray computed 

microtomography (CT) and X-ray helical computed tomography (HCT); laser lithotripsy 

and mechanical lithotripsy. 

In Chapter 3, CT, SEM, TEM and EDS are used to investigate the local structure and 

growth patterns of submandibular and parotid sialoliths. An interdisciplinary approach and 

innovative methodologies have been employed, namely: petrographic methods for SEM 

sample preparation, as well CT versus SEM versus TEM correlative evaluation together 
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with fractal analysis of cross-sectional SEM images. The results have been used to elucidate 

lithogenesis mechanisms. 

In Chapter 4, relations between calculi composition/density and average CT attenuation 

are established, and the characterization scheme implemented is validated for HCT following 

a correlative strategy between in vivo and ex vivo scans. 

In Chapter 5, the hardness and Young’s modulus of sialoliths are determined at different 

scales by indentation techniques. Specific damage induced in the structure of sialoliths by the 

lithotripsy methods are investigated by SEM and CT. The fundamental aspects of the 

response of sialoliths to mechanical fragmentation and laser ablation are discussed. 

Finally, in Chapter 6, the conclusions and directions for future work are laid out. 
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2.1. Materials and methods 

2.1.1. Samples 

Six parotid and sixty four submandibular sialoliths (respectively Pn with n = 1,…,6 and Sn 

with n = 1,…,62) were surgically removed from consenting patients at the Department of 

Maxillofacial Surgery of Hospital de São José (in Lisbon, Portugal), following procedures 

approved by the hospital ethical committee. After extraction, twenty-six submandibular and 

six parotid specimens were kept dry at room temperature, while thirty-eight submandibular 

specimens were immersed in thymol 0.1 % and stored at 4 ºC to minimize chemical 

modification. Seven of the twenty-six submandibular dry specimens were rehydrated in 

thymol 0.1 % and stored at 4 ºC. The mass of all sialoliths was monitored throughout the 

sample preparation steps. Saliva samples were collected from consenting patients, transferred 

into Petri dishes, dried in an oven at 45 ºC for 48 h and subsequently analysed. 

Sialoliths subsets were randomly selected for each characterization experiment. Only 

CT, SEM and TEM observations were performed on parotid sialoliths, given the small size 

and low prevalence of these specimens. 

 

2.1.2. Petrographic sample preparation 

Submandibular and parotid sialoliths were partially encapsulated in epoxy resin with high 

viscosity (Struers) to avoid sample impregnation, and sectioned through the core or through 

peripheral regions (Figure 2.1). 

The test surfaces were grinded with 800 and 1000-grit SiC paper and polished with 6 μm 

and 1 μm diamond suspensions. Special care was taken to minimize smearing and dehydration 

of the organic structures during sample preparation, which would hinder clear observation and 

correct chemical evaluation of the specimens’ cross-sections. 



P a g e  | 24 
 

Chapter 2. Experimental 

 

 

Figure 2.1. Part of the sialolith was embedded in epoxy resin (a) and subsequently ground and polished for 

scanning electron microscopy observation and mechanical testing (b), whereas the non-embedded part (c) was 

subsequently prepared for spectroscopy experiments. 

 

The included/embedded samples (Figure 2.1 (b)) were subsequently used for scanning 

electron microscopy observations, indentation, ultrasonic, pneumoballistic and laser 

lithotripsy experiments. 

 

2.1.3. TEM sample preparation 

TEM sample preparation involved collecting selected pieces from the specimens, fixation 

in 3 % glutaraldehyde (pH 7.4) for 24 h, washing and further fixation in 1 % osmium 

tetroxide for 1 h. 0.1 M sodium cacodylate buffer was used in all these steps. Dehydration 

was subsequently carried out in ascending concentrations of ethanol, and propylene oxide 

was used as an intermediate solvent before embedding in an Epon-Araldite resin. Infiltration 

was carried out at 4 °C for one week with daily replacement of resin. Ensuing polymerization 

was performed at 60 ºC for 3 days. The blocks were then sectioned with a Richert UM 2 

ultra-microtome (Leica®) equipped with a diamond knife. Contrast was further enhanced 

with uranyl acetate and lead citrate staining. As the heavy elements introduced in the fixation 

and staining steps tended to interfere with the subsequent chemical analyses, some samples 

were analysed unstained. All consumables and reagents were purchased from VWR. 
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2.1.2 Microscopy observations 

SEM images were obtained with secondary electrons (SE) and/or backscattered electrons 

(BSE) using a JSM 7001F instrument (JEOL) equipped for X-ray energy dispersive 

spectrometry (Oxford Instruments). X-ray energy dispersive spectroscopy (EDS) standardless 

quantification was performed using ZAF correction. Prior to microscopic observation the 

samples were coated with carbon (≈ 30 nm of thickness) using a Q150R sputter/carbon coater 

(Quorum Technologies).  

The fractal dimension Df of globular structures was calculated with the fractal box 

counting method using the FracLac plugin [1] of the ImageJ software package [2]. This 

involved binarization of the images, application of masks to remove unwanted details and 

counting the number of boxes (N) of a given side length ( needed to cover the relevant 

features. If the N µ-Df  scaling rule is followed, on logarithmic scale the experimental (N, ) 

points lie on a straight line whose slope approximates Df. The mean fractal dimension was 

determined for each image using 250 grid sizes and 12 different grid positions generated 

randomly. 

Structural details at higher resolution were investigated by TEM using a JEOL 100SX 

instrument operated at 80 KV and a Hitachi H8100 instrument equipped for EDS and 

operated at 200 KV. Selected area electron diffraction and electron microdiffraction 

experiments were carried out to investigate the crystalline phases present in the sialoliths. 

Powder (kinematical) diffraction patterns were simulated for comparison with the 

PowderCell software package [3] using the lattice parameters and atomic positions reported 

for hydroxyapatite [4]. Dynamical diffraction patterns were simulated for single crystals with 

the (dynamical) NCEMSS software package [5]. 
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2.1.3 Chemical and structure characterization 

Previous investigations by EDS showed that the mineralized regions in sialoliths are rich 

in Ca and P and may include Mg [6]. In the present work, the concentration of these elements 

has been determined by inductive coupled plasma atomic emission spectrometry (ICP-AES) 

with a PerkinElmer Optima 2000 DV instrument (PerkinElmer Inc.). 

FTIR spectra of the calculi, saliva and pure hydroxyapatite (AgoraMat, Altakitin) were 

acquired with a PerkinElmer Spectrum 65 FTIR Spectrometer (PerkinElmer Inc.) using the 

KBr pellet method. The spectra have been interpreted through available literature [7-11]. 

X-ray powder diffraction was performed with an Xpert PANalytical Pro diffractometer 

(PANalytical) using Cu Kα radiation (λ = 0.15 nm). The diffractograms were recorded 

between 10° < 2θ < 60°, with a step size of 0.005° at a rate of 0.001 step/s. Identification of 

mineral phases, determination of lattice parameters and quantification of volume fractions 

were performed using the PowderCell software package [3], with structural parameters 

retrieved from the literature [4, 12, 13]. 

Sample preparation for FTIR and XRD involved maceration to a fine powder and 

dehydration at 45 ºC for 48 h, while for elemental analysis the powder was further calcined at 

550 ºC and dissolved in 1 % HCl and 1 % NHO3 (VWR) acidic solution at 50 ºC.  

 

2.1.4 Computed microtomography 

The CT characterization of submandibular and parotid specimens was performed with 

SkyScan 1172 and 1174 instruments (Bruker) with constant source power of, respectively, 10 

W and 40 W, while the voltage and current were tuned to maximize contrast. The specimens 

were covered rotated over 360° with 0.7° steps and the isotropic voxel size was selected in 

the 10-20 μm range to fit the acquisition’s field of view to the specimen size. The X-ray 

radiation was filtered with a built-in 0.5 mm aluminium foil to mitigate beam hardening. The 
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analyses performed with CT throughout this work are indicated below: 

 Tomographic characterization of the ultrastructure of dry submandibular and parotid 

sialoliths (15 acquisitions in SkyScan 1172). 

 Tomographic characterization and evaluation of average X-ray attenuation of 

hydrated and rehydrated submandibular specimens (21 acquisitions in SkyScan 

1172 and 4 acquisitions in SkyScan 1174), which have been wrapped in parafilm 

(Sigma-Aldrich) to minimized dehydration during the scans. These acquisitions 

were calibrated with customized phantoms scanned simultaneously with the 

specimens. Since commercially available CT phantoms have a density below that 

of sialoliths [14], enamel on a human tooth, extracted from a consenting patient, 

and orthodontic wax (Sunstar) were used instead. Tooth enamel was specifically 

selected to test the possible use of patient teeth for calibration of X-ray attenuation 

in clinical context.  

 Tomographic evaluation of lithotripsy damage (4 acquisitions in SkyScan 1172) and 

macroindentation size in immobilized hydrated submandibular sialoliths (5 

acquisitions in SkyScan 1172).  

The NRecon 1.6.3 SkyScan software package (SkyScan, Bruker) was used for 3D 

reconstruction by a modified Feldkamp cone-beam algorithm [15]. The parameter of the 

built-in beam hardening correction was set to 40 % [16], while the parameter for reduction of 

ring artifacts was optimized individually for each data set. The reconstructed data was saved 

as 16 bits TIF files. 

Binary masks of the calculi and phantoms were generated with the CT-analyser (CTan) 

SkyScan software package (SkyScan, Bruker), using the Otsu binarization method [17] 

followed by background noise removal. Subsequent data processing of the calibrated 

acquisitions was carried out in Matlab® environment as described below. 
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Offset and gain calibrations were performed by adjusting the average attenuation of the 

orthodontic wax and enamel to, respectively, 0 % and 40 % of the bit resolution. The latter 

avoided saturation of the regions with highest mineral density. Average X-ray attenuation for 

specimens and phantoms was defined as the mean of a Gaussian distribution estimated by 

maximum likelihood. Geometrical features such as volume (V), center (Cgeometric) and aspect 

ratio (Ar) have been determined for each sialolith. The nucleation site, identified by visual 

inspection, was used to determine the nucleation eccentricity (Ecc) defined as the distance 

between the apparent nucleation center and the geometric center, normalized to the 

specimens’ average radius 𝑅ത. 

The mineralization evolution was assessed through radial attenuation profiles, i.e., 

integrated attenuation around concentric spheres as a function of the distance to the 

nucleation center. Since the surface of the calculi reflected internal convolutions, linear 

warping was employed to conform the shape of each sialolith to a sphere of radius 𝑅ത (Figure 

2.2) before extracting radial data. The warped coordinates (R,ϕ,θ) for each cubic voxel were 

determined from the average difference between the specimen’s surface and the sphere of 

radius 𝑅ത (red arrows in Figure 2.2) for the solid angle defined by the voxel diameter and the 

distance R to the nucleation center (see projected cones in Figure 2.2). For most specimens, 

the profiles started at the center of the nucleation region, however, for sialoliths without an 

evident nucleus, the geometric center was used instead as initiation site for the profiles. 

The density of each sialolith was determined from the measured mass and from the 

volume established from CT measurements, both in hydrated conditions. 
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Figure 2.2 – Schematic representation of the method used to determine the warped coordinates of each voxel in the CT 

datasets. The goal was to conform the external shape of the sialolith to a sphere in order to obtain radial profiles reflecting 

the internal convolutions.  

 

2.1.5 Helical computed tomography 

Three in vivo HCT acquisitions were carried out using a Light Speed GE VCT 64 Medical 

Systems instrument (GE Healthcare) (2 submandibular specimens) at the Department of 

Radiology of the Hospital de São José (in Lisbon, Portugal) and a Brilliance 16 Philips 

instrument (Philips) (1 submandibular specimen) at the Department of Radiology of the 

Hospital de Santa Maria (in Lisbon, Portugal). The in vivo data were acquired using the 

standard cranial acquisition protocols employed at each clinical institution: scans using the 

GE instrument were performed at 120 kV, with the power automatically modulated between 

6-19 kW to maximize contrast, a slice thickness of 0.63 mm, z-axis resolution of 0.63 mm an 

in-plane resolution ranging between 0.54 and 0.56 mm and a pitch of 0.97; the scan with the 

Philips instrument was acquired at 120 kV, with constant power of 23 kW, slice thickness of 

1.50 mm, pitch of 0.50, interpolated z-axis resolution of 0.75 mm and in-plane resolution of 
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0.28 mm.  

Fourteen ex vivo HCT acquisitions were carried out using the GE instrument, with the 

hydrated specimens (7 submandibular sialoliths) and phantoms (enamel and orthodontic wax) 

included in a 2 % agar-agar matrix (VWR). The scans were performed at 120 kV, using 

constant power of 30 kW, a pitch of 0.97, a slice thickness of 0.63 mm, an in-plane resolution 

raging between 0.19 - 0.76 mm and an interpolated z-axis resolution ranging between 0.19 - 

0.63 mm. 

Reconstruction of in vivo and ex vivo HCT datasets was performed with the instruments’ 

built-in software and data were saved as 12 bits TIF files. Standard and type-B head 

convolution kernels [18] were used to reconstruct the data acquired, respectively, with the GE 

and Philips instruments.he binary masks for the sialoliths and phantoms were generated in 

Matlab® environment following the methodology employed for CT. he offset and gain of 

the ex vivo HCT datasets acquired with the GE instrument were established using orthodontic 

wax and enamel, as well as CT-calibrated sialoliths, as phantoms. These calibrations were 

also employed for in vivo HCT datasets acquired with the same machine. 

 

 

2.1.6 Mechanical characterization 

Sets of 100 nanoindentations have been performed at room temperature on polished 

surfaces of three dry submandibular sialoliths with different mineralization levels using a 

NanoTest Vantage instrument (Micro Materials) with a Berkovich indenter, a load of 3 mN and 

a dwell time of 30 s. Posterior SEM observation was used to exclude indentations laying in 

defective regions. The local hardness (H) and Young’s modulus (E) were calculated employing 

the Oliver and Pharr method [19] using a polynomial fit. 

Microindentations have been performed on polished surfaces of 5 dry and 5 hydrated 
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submandibular sialoliths using a H100 Fischerscope (Fischer Technology Inc.) at room 

temperature with a Vickers indenter, a load of 1 N and a dwell time of 10 s. The hardness and 

Young’s modulus were calculated using equation (1) and (2) [20].  
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where Fmax is the maximum load applied, heff and hp are, respectively, the effective and the 

plastic depths, Er is the measured Young’s modulus while E0 and E are, respectively, the 

indenter and sample Young’s moduli, and ν0 and ν are the indenter and the sample Poisson 

ratios, respectively. 

Average mechanical properties have been determined from nano and 

microindentation data by fitting 2-D Gaussian distributions to the experimental values using 

maximum likelihood estimation. 

Central and peripheral macroindentations have been performed at room temperature 

on polished surfaces of five hydrated submandibular sialoliths using an AVK-C2 Vickers 

hardness testing instrument (Mitutoyo) with a Vickers indenter, a load of 300 N and 500 N 

and a dwell time of 10 s. 

2.1.7 Lithotripsy experiments 

Ultrasonic and pneumoballistic fragmentation experiments were performed on hydrated 

submandibular specimens immobilized in epoxy resin and immersed in physiologic serum (B. 

Braun). Ultrasonic fragmentation was performed with a Satelec Suprasson PMax scaler 

(Acteon Group Ltd) with a round tip of 0.5 mm in diameter operated at 30 kHz in continuous 
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mode until surface erosion was evident. Pneumoballistic impacts were generated with a CH 

1347 EMS Lithoclast instrument (Electro Medical Systems) using a probe of 0.8 mm in 

diameter, a pressure of 3 bar and a maximum of 3 pulses at 3 pulses/min. 

Shock wave fragmentation was carried out on hydrated specimens immersed in 

physiologic serum and sealed inside a thin polyethylene bag (VWR) and embedded in a 2 % 

agar-agar matrix (VWR) to mimic the physical constrains inside the human body. Two sets of 

4000 shock wave pulses were delivered through the agar-agar matrix using a PiezoLith 3000 

plus ESWL system (Richard Wolf) operated with focal diameter of 4 mm, pressure of 80 MPa 

and pulse frequency of 2 Hz. 

Laser lithotripsy was performed using a Medilas H20 Holmium laser (λ = 2.1 μm) 

(Dornier MedTech GmbH) with a 270 m diameter optic fiber, a pulse energy of 800 mJ (6.4 

W) and 8 Hz pulse frequency. The experiments were carried out on hydrated specimens 

immobilized in epoxy resin and immersed in physiologic serum. During ablation the energy 

density was varied between 2.8 and 22.4 kJ/m2. 
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Overview 

In this chapter, X-ray computed microtomography (CT), field-emission scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM), combined with 

energy dispersive spectroscopy (EDS), are used to investigate the ultrastructure and growth 

patterns of submandibular and parotid sialoliths. An interdisciplinary approach and 

innovative methodologies are employed, namely, CT vs SEM vs TEM correlative evaluation 

together with fractal analysis of cross-sectional SEM images, to obtain new insights into the 

mechanisms of nucleation and growth of salivary calculi. 

 

3.1. Results 

3.1.1. General configuration 

Figure 3.1 shows examples of longitudinal sections of submandibular (Sn) and parotid 

(Pn) sialoliths selected from 3-D reconstructions so as to crosscut the core whenever such a 

predominant structure could be identified. Most sialoliths showed a single well-defined major 

core (S12, S13, S15, S17, S18, S19, S21, S22, S24, S25), some did not show such a core (S10, S11, 

S16, P5, P6), and one showed several (P4). Major cores displayed either distinctively higher or 

lower mineralization than the surrounding regions as inferred from the brighter/darker 

contrast in the radiographic data (e.g., S21, S22, S24 or S25 vs S12, S13 or S15). Apart from the 

cores, there were concentric growth patterns (e.g. S12 and S15) or irregular ones (e.g. S16 and 

P6). Yet in many situations, a gradation between these two architectures was observed. The 

X-ray attenuation profiles varied in the studied set and even within the same specimen (see 

profiles for S12 and S25 included in Figure 3.1). 
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Figure 3.1 - Median longitudinal cross-sections of submandibular (Sn) and parotid (Pn) sialoliths obtained from CT 

data. Brighter regions represent higher mineralization and dark regions represent essentially organic matter. Horizontal 

attenuation profiles crossing the specimens’ core are shown for S12 and S25. The vertical dashed lines indicate the major axis, 

which in the case of quasi-equiaxed sialoliths has been established taking into account the internal structure. Scale bar is 2 

mm. 
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SEM observation of the specimens revealed that, in general, the core lacked layering or 

any other distinctive features. The subsequent growth resulted in patterns that could be 

classified into four general types depending on their organization (concentric vs irregular) 

and mineralization (high vs low) as illustrated in Figure 3.2. Submandibular and parotid 

sialoliths showed similar features. Shrinkage cracks observed in Figures 3.1 and 3.2 resulted 

from the drying processes that occurred during sample preparation procedures for SEM. 

 

 

Figure 3.2 - Array of SEM (backscattered electron (BSE)) images showing representative growth patterns: left, 

concentric; right, irregular; top, high mineralization; and bottom, low mineralization. The magnified details show the local 

features of each pattern. Scale bar is 1 mm. 
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3.1.2. Local structure 

At finer scales the sialoliths showed banded regions, globular regions or combinations 

of the two and various degrees of mineralization (Figure 3.3). Concentric patterns consisted 

essentially of highly mineralized bands alternating with bands of organic matter (Figure 3.3 

(a)). The contrast differences in the alternating mineralized/organic bands are related to the 

density of crystalline nanoparticles dispersed in the organic matrix rather than on a clear 

segregation between organic and mineralized phases (magnified detail of Figure 3.3 (a)). 

Nevertheless, in most instances of either concentric or irregular growth patterns, the fine 

structure of the sialolith was threaded with globules of variable size and mineralization 

(Figure 3.3 (b) to (d)). Mineralized nodules were found on calculi external surfaces and 

internal voids (Figure 3.3 (e)) and also seen surrounded by layers of calcified material (Figure 

3.3 (f)). Convoluted lamellar structures of an apparently organic nature were seen at 

peripheral regions (Figure 3.3 (g)). 

X-ray maps and EDS point analyses revealed a consistent chemistry: mineralized 

regions contain a high fraction of Ca, P and O and a minor presence of Mg, while the organic 

matter showed higher S and C content than the adjacent mineralized matrix (Figures 3.4 and 

3.5).  
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Figure 3.3 – (a) TEM image of alternating mineralized/organic bands. The magnified detail reveals the difference in 

precipitate density. (b)–(d) SEM images (BSE) of banded structures threaded with organic globules of variable size and 

mineralization. (e) SEM (secondary electron (SE)) image of mineralized nodules in an internal void. (f) SEM (BSE) image 

of mineralized nodules in banded layers. (g) Convoluted organic structures at the periphery of a sialolith. 
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Figure 3.4 – (a) SEM (BSE) image of a globular region in a submandibular sialolith with corresponding X-ray maps for 

(b) Ca, (c) S, (d) P, (e) C, and (f) O. Spectra resulting from point analyses of a heavily mineralized region ((g) from region 1 

in (a)) and of an organic globule ((h) from region 2 in (a)) The two spectra have been normalized for a constant background 

level. 
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Figure 3.5 - SEM (BSE) images of organic globules dispersed in mineralized regions. (a) Organic matter with relatively 

low sulfur content in a submandibular sialolith. (b) Sulfur-rich globules in a parotid sialolith. The spectra have been 

normalized using the background level. 

 

Some variability was detected in the sulfur content, as evaluated from the S/Ca peak 

ratio of spectra obtained in regions of organic matter large enough to minimize the influence 

of the adjacent mineralized regions (compare the spectrum 2 in Figure 3.5 (a) with Figure 3.4 

(g)). At this level, the chemistry of submandibular and parotid sialoliths was similar (Figure 

3.5 (b)). The low signal in the spectra of regions of organic matter (Figure 3.4 (h) and insets 2 

and 4 in Figure 3.5) probably resulted from the high hydrogen content and absence of heavy 

elements, leading to an apparently disproportional presence of sulphur. 
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Figure 3.6 - TEM images and electron diffraction patterns of crystals. (a) Coexisting crystals of different structures: A, 

colonies of filamentary crystals; B, needlelike crystals; C, large single crystals. (b) Filamentary crystals. (c) Agglomerate of 

parallelepiped crystals. (d) Ring electron diffraction pattern obtained from a region of filamentary crystals showing the radial 

integrated intensity together with a simulation for hydroxyapatite. (e) Microdiffraction pattern of a single crystal indexed for 

hydroxyapatite. 

 



P a g e  | 45 
 

Chapter 3. Sialoliths ultrastructure 

Filamentary, needlelike and parallelepiped crystals were commonly found in the 

sialoliths (A, B and C, respectively, in Figure 3.6 (a), (b) and (c)). Selected area diffraction 

experiments carried out in regions of filamentary and needlelike crystals resulted in ring 

patterns that matched simulations for hydroxyapatite with lattice parameters: a = 0.95 nm 

and c = 0.69 nm (Figure 3.6 (d)). Microdiffraction experiments carried out with single 

crystals revealed a crystalline structure compatible with the hexagonal system and the 

structure of hydroxyapatite (Figure 3.6 (e)). Phases such as the trigonal whitlockite, the 

monoclinic brushite, the triclinic octacalcium phosphate and the tetragonal weddellite, 

which have been previously reported [1-3] could not be matched to any of the powder or 

single diffraction patterns obtained by TEM. 

The globules showed a variable degree of mineralization (Figure 3.4) reflecting a 

non-uniform crystallization of the Ca- and P-based electrolytes (Figures 3.7). In general, the 

first evidence of mineralization/crystallization was seen at the periphery of the globules 

(magnified detail of Figure 3.7 (a)) in organic regions poorly stained by osmium tetroxide 

(arrows in Figure 3.7 (a)). The mineralization of the globules appears to occur via 3 distinct 

mechanisms:  

(i) Nucleation on the internal wall of the globule (heterogeneous nucleation) of filamentary 

crystals (Figure 3.7 (b) and (c)) with mineralization extending into the internal region 

through a discontinuous precipitation front. 

(ii) Precipitation throughout the internal region of relatively large particles, usually 

parallelepiped, displaying diffraction contrast characteristic of single crystals (Figure 

3.7 (d) and (e)). In these cases, nucleation occurred in the organic matrix without the 

assistance of an existing interface (homogeneous nucleation). 

(iii) Precipitation of crystal colonies throughout the internal region of the globule. The 

colonies were constituted by filamentary crystals (Figure 3.6 (b) and A in magnified 
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detail of Figure 3.6 (a)), needlelike crystals (Figure 3.7 (f)) or parallelepiped ones 

(Figure 3.6 (c) and (e)). 

 

 

Figure 3.7 – (a) TEM image of globular structures showing that the onset of mineralization/crystallization is associated 

with peripheral organic substances weakly stained by OsO4 (arrows). (b) SEM (BSE) image of internal mineralization 

occurring through heterogeneous nucleation at the globule wall. (c) TEM image of filamentary crystals extending inward 

from the globule wall. (d) SEM (BSE) image of organic globules with internal mineralization through homogeneous 

nucleation. (e) TEM image of homogeneously nucleated particles displaying diffraction contrast. (f) TEM image of 

needlelike crystals extending from the mineralized periphery to the internal region of a globule. 
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The correlative interpretation of SEM and TEM images should take into account the fact 

that in SEM images (BSE mode) the bright features correspond to mineralized regions 

(higher average atomic number), while in TEM images the mineralized/crystalline regions 

appear dark in bright-field imaging due to heavy element staining and/or diffraction. 

 

 

Figure 3.8 – (a)–(c) SEM (BSE) images at increasing magnifications of fingerlike globular structures with self-

similarity. Arrow indicates same location. (d) TEM image showing globular structures with self-similarity. (e) SEM (SE) 

image showing extruded globules at a void. (f) SEM (BSE) image of mineralized extruded globules enclosed by an external 

mineralized layer (arrow).  
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The morphology of the organic globules is compatible with the injection of a 

low-viscosity fluid through another fluid of higher viscosity (magnified detail of Figure 3.4 

(d)), and the self-similar globules are consistent with a successive occurrence of this process 

(arrows in Figure 3.8 (a) to (c)). The resulting globules are frequently fingerlike and usually 

less mineralized than the parent globule (Figure 3.8 (b) and (d)), which indicates that the 

pores in the adjacent mineralized matter tend to filter the largest precipitates during the 

process. 

 

 

Figure 3.9 – (a), (d) BSE (SEM) images showing fingerlike globular structures. (b), (e) Binarized images where 

unwanted detail has been masked prior to fractal analysis. (c), (f) Results obtained for randomly generated k = 1,...,12 

positions of grids oriented as the image. The side length ε was defined as a fraction of the original image. One of the 12 

regressions is shown for each image with the respective fractal dimension Df(k) and correlation coefficient r to attest for the 

self-similarity of the globular structures. The legends also show the mean fractal dimension and standard deviation () of the 

12 different positions Df (1,...,12). 

 

Analogous structures could be observed by SEM and TEM (compare Figure 3.8 (c) 

and (d)). In some instances, there was also evidence of an extrusion process with the 

formation of globules in voids (Figure 3.8 (e)), and extruded globules were also seen 
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enclosed by mineralized layers (Figure 3.8 (f)). A mean fractal dimension Df = 1.8 was 

determined for the biphasic interpenetration by the box counting method for SEM images 

showing self-similar morphologies (Figure 3.9). 

Bacteria with variable degrees of mineralization were present in the sialoliths with 

evidence of cell division (Figure 3.10). Some extensive colonies were detected although their 

presence was not universal (Figure 3.10 (a) and (b)). An association between these colonies 

and either heavily mineralized regions or globules of organic matter was not found (see 

Figure 3.10 (c)). 

 

 

Figure 3.10 – (a) Median section of S3. (b) Bacterial colony found at the periphery of S3. (c) Comparison of globular 

structures and bacterial colony. (d) Bacteria mineralized with filamentary crystals. (e) Bacteria mineralized with needlelike 

crystals. (f) Non-mineralized bacteria undergoing cell division.  

 

3.2. Discussion 

Non-destructive CT imaging can be used to discriminate the major core of each 

sialolith from structures formed during the subsequent growth stages. Hence, the internal 3-D 

configuration inferred from the tomographic data enables to roughly establish a chronological 
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order for the development of the sialolith. Interpretation of the reconstructed CT images 

benefits from the complementary observations carried out at higher resolution by electron 

microscopy. In turn, direct observation of a sialolith section by SEM may result in misleading 

interpretations. For instance, if in the sectioning step of the sample preparation for SEM 

observation (see Figure 3.1), the weakly mineralized core of S12 or S13 were to be just missed, 

one would erroneously infer a highly mineralized center, and the opposite situation would 

occur for S24 or S25 (Figure 3.1). SEM coupled with focused ion beam and TEM tilting 

sequences can be used for high-resolution tomography. However, these techniques are 

unsuited for large specimens such as sialoliths. The present approach, relying on CT to 

obtain 3-D information from relatively large samples and on SEM and TEM to scrutinize 

local details at finer scales, can be effectively used to characterize the structure of sialoliths.  

The existence of one major, or primary, core, as observed for S12, S13, S15, S17, S18, S19, 

S21, S22, S24, S25 in Figure 3.1, suggests a nucleation stage after which growth occurs through 

a different mechanism. The highly mineralized cores of S21, S22, S24 and S25 are compatible 

with a nucleation based on accretion of calcified sialomicroliths [4, 5], while the weakly 

mineralized cores of S12, S13 or S15 are compatible with a nucleation process based on the 

accretion of degenerated and condensed stagnant secretory material poor in calcium [4, 5] or 

foreign bodies in the ducts, such as food debris [6]. Both highly mineralized and organic 

cores have been previously reported [1, 7-10], attesting for the representativeness of the 

configurations shown in Figure 3.1.  

The contrast observed in the CT reconstructions does not increase monotonically from 

the periphery to the central regions (see the attenuation profiles shown for S12 and S25 in 

Figure 3.1). The fact that internal regions are able to remain poorly mineralized during 

subsequent growth stages indicate that long-range inward diffusion of the mineralizing agents 

is not occurring during sialolith growth. In addition, it points to a variable supply of 
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crystallizing electrolytes and to a calcification process occurring essentially at the periphery 

of the sialoliths. Therefore, the present results do not support the hypothesis of an increasing 

mineralization of the organic matrix during the chronological development of sialoliths [11]. 

Although the specimens often exhibited more than one type of growth pattern, the 

characteristic types illustrated in Figure 3.2 represent an attempt to deal with the structural 

diversity. Concentric patterns are proposed to correspond to (quasi) steady-state growth, 

whereas irregular patterns may be associated with recurrent inflammation/infection episodes 

likely to induce growth perturbations. 

The predominant growth mechanism appears to involve deposition of organic matter 

that is subsequently mineralized (Figure 3.3 (a) to (d)). Accretion of mineralized nodules can 

occur during the growth stages (Figures 3.3 (e) and (f)), although this mechanism does not 

play a key role. Accretion of larger structures, which would result in multiple cores, is also 

not prevalent. The convoluted organic layers detected at peripheral regions (Figure 3.3 (g)) 

are compatible with the adherence to the surface of sialoliths of a ductal metaplastic stratified 

squamous epithelium, which was subsequently integrated into the calcifying structure [12]. 

The quasi-periodic spatial distribution of crystallites observed in Figure 3.3 (a) is in 

agreement with a precipitation reaction where two co-precipitating inorganic electrolytes 

diffuse through a gel to form the so-called Liesegang rings [13, 14]. Ostwald proposed a 

generally accepted mechanism for Liesegang ring formation [15]: an initial supersaturation of 

the diffusive species is followed, at a given threshold, by heavy precipitation of salt particles 

that deplete the surroundings of the diffusive species, lowering the saturation level of the gel 

such that the nucleation rate drops to produce an ensuing low mineralization band; the 

process resumes once the supersaturation threshold is exceeded in the subsequent layer of the 

gel. The rhythmic banding of precipitates in sialoliths (Figures 3.3 (a) and 3.6 (a) and 3.7 (f)) 

is proposed to originate from (continuous or intermittent) deposition of an organic gel in 
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which successive precipitation events occur due to Liesegang-Ostwald compositional 

gradients. Often, only one type of crystal morphology was found in any given region (see 

magnified inset of Figure 3.6 (a)), as a reflection of the local chemistry. 

The powder and single crystal electron diffraction patterns demonstrated that the Ca- 

and P-based electrolytes tended to crystallize in a hexagonal crystal structure close to 

hydroxyapatite (Figure 3.6). The presence of Mg in the mineralized regions (Figure 3.4 (g)) 

suggests the formation of whitlockite [16], although the phase was not in electron diffraction 

experiments. 

The globular structures originate from a surface tension effect between two immiscible 

organic fluids (Figure 3.7 (a)). Crystallization typically begun around the globules with 

filamentary hydroxyapatite crystals (see arrows in Figure 3.7 (a)). These regions seem to 

contain powerful agents inducing calcification, which existed in lower concentration inside the 

globules. Hydrophilic and hydrophobic lipids are major constituents of sialoliths [17-19] and a 

lipidic nature has been suggested for the globular structures [20]. The globules consistently 

showed higher sulfur content (Figure 3.4), which is compatible with the presence of 

sulfoglycolipids [19] and acidic highly sulfated mucins, secreted by the submandibular [4, 5] 

and parotid glands [21].  

The activity of bacterial colonies has been previously associated with the presence of 

sulfur in sialoliths [22]. Bacterial infection may occur as a consequence of stagnant 

conditions in obstructed ducts [23] and genetic analysis has been used to identify several 

species of bacteria in sialoliths [24]. The present observations show that bacteria affect the 

local growth of the mineral crystals: filamentary crystals tended to wind around cell 

membranes (Figure 3.10 (d)), while platelets grew perpendicularly to the membranes (Figure 

3.10 (e)).  



P a g e  | 53 
 

Chapter 3. Sialoliths ultrastructure 

The growth of viscous fingers represents a type of hydrodynamic instability that 

occurs upon injection of a low-viscosity fluid into a high-viscosity one [25]. Fractal patterns 

form when the interfacial energy between the two fluids is low, with successive branching 

limited by the capillarity forces. These conditions are fulfilled when injecting a solvent into a 

concentrated suspension of colloidal particles in the same solvent, such as when water flows 

through clay slurries [25] or, as in the present case, when a less mineralized organic gel flows 

through a mineralized zone (Figure 3.8 (c)). An increase in internal pressure is required for 

the injection/extrusion of the organic gel through the mineralized walls (Figure 3.8 (d)). The 

observation that the fingerlike globules were usually less mineralized than the parent globule 

(Figure 3.8 (b) and (d)) suggests that crystal formation may be responsible for the pressure 

increase. Fractal analysis offers a deeper insight into the mechanisms governing this type of 

patterning process [26] and theoretical models describing viscous fingering processes have 

shown that fractal dimensions of 1.8 correspond to viscosity ratios above 10 [27, 28], 

defining fundamental rheological characteristics of the system.  

 

3.3. Summary 

X-ray tomography data showed that sialoliths frequently exhibit a major core with 

either higher or lower mineralization than the surrounding material. The growth patterns have 

been classified into four types depending on their organization and mineralization level. 

Electron microscopy observations revealed that at fine scales the growth processes result in 

alternating mineralized/organic bands and in globular dispersions of organic matter in highly 

mineralized regions. High sulfur content indicates that the organic matter in the sialoliths 

corresponds essentially to degenerated and condensed secretory material. The precipitation 

patterns observed in banded structures are compatible with a Liesegang-Ostwald 

phenomenon, while globular structures result from a viscous fingering process where a 



P a g e  | 54 
 

Chapter 3. Sialoliths ultrastructure 

low-viscosity organic gel is filtered/injected through higher-viscosity mineralized regions. 

These globular structures are self-similar and their fractal dimension indicates that the low 

mineralized regions have low viscosity. 
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Overview 

In the present chapter, X-ray computed microtomography (CT), combined with atomic 

emission spectroscopy (AES), Fourier transform infrared spectroscopy (FTIR), X-ray 

diffraction (XRD), scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) are used to investigate the composition and mineralization degree of 

submandibular sialoliths. The relations between calculi mineralization/density and average 

CT attenuation are defined, and the method developed is validated for helical computed 

tomography (HCT), following a correlative strategy between in vivo and ex vivo scans. 

 

4.1. Results 

4.1.1. Chemical and structural characterization 

Characteristic diffractograms of sialoliths are shown in Figure 4.1 ((a) and (b)) with 

simulations for hydroxyapatite and whitlockite (in (c) and (d), respectively). XRD analysis of 

22 specimens revealed that the mineral components crystallized essentially as HA. 

Nevertheless, Whi was present in 52 % of the specimens investigated by XRD with an 

average volume proportion of HA:Whi = 89:11. No other mineral phases previously reported 

for sialoliths (such as brushite and octacalcium [1, 2]) have been detected. The wide peaks 

suggest nanometric crystals and/or some degree of structural disorder. In addition, the 

average unit cell dimensions (aHA = 9.41 ± 0.02 and cHA = 6.84 ± 0.02 and aWhi = 10.35 ± 

0.01, cWhi = 37.06 ± 0.08) showed deviations from the lattice parameters used in the 

simulations (aHA = 9.42 and cHA = 6.89 [3] and aWhi = 10.35, cWhi = 37.08 [4]). Nevertheless, 

compliance to stoichiometry could not be easily accessed due to the known low sensitivity of 

powder XRD for group substitutions and compositional disorder in HA [5]. 
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Figure 4.1 - XRD patterns of prototypical sialoliths with simulated diffractograms for HA [3] and Whi [4]. The red 

arrows indicate major Whi peaks. HA and Whi volume fractions are indicated as a ratio above each experimental 

diffractogram.  

 

Figure 4.2 presents the FTIR spectrum of a typical sialolith along with spectra of an 

organic region obtained from a large sialolith, saliva and synthetic hydroxyapatite. The bands 

at 1653 cm-1, 1551 cm-1
 and 1239 cm-1 associated, respectively, with vibrations of amide I 

(stretching vibration of the carbonyl group), amide II (stretching of C-N and bending of H-N) 

and amide III (stretching of C-N and bending of N-H), indicate the presence of proteins [6], 

while the bands at 2927 cm-1 (stretching of C-H) and 1452 cm-1 (bending of alkyl groups CH2 

and CH3) point to lipidic biomolecules [7]. The broadband at 3440 cm-1 is probably 

associated with water molecules remaining in the organic matter after the drying process [8]. 

These results show that the organic matter in sialoliths exhibits a FTIR signature remarkably 

similar to that of saliva, except for the absence of the bands at 960 cm-1 and 1406 cm-1 
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corresponding to, respectively phosphate and carbonate [9], which precipitate as carbonated 

calcium phosphate in mineralized regions. On the other hand, the mineral matter presents 

significant differences from synthetic hydroxyapatite as shown by the absence of the sharp 

hydroxyl bands at 631 cm-1 and 3572 cm-1 (present in synthetic HA) and presence of a 

carbonate band at 875 cm-1 (absent in synthetic HA) [8-10]. Direct substitution of hydroxyl 

groups by carbonate groups in the HA structure (type-A carbonation) is known to require 

high-temperature processing conditions [11, 12]. In biological apatites, the absence of 

hydroxyl groups is typically compensated by Ca2+ deficiency [5, 13], while CO3
2-

 substitutes 

PO4
3-

 groups (type-B carbonation) [11, 14, 15] according to Ca10-x(PO4)6-x(CO3)y (HPO4)x-

y(OH)2-x [11]. 

 

 

Figure 4.2 – FTIR spectra of a sialolith, a large organic region in a sialolith, saliva and hydroxyapatite. Characteristic 

bands [6-10] are indicated.  
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Additional information on the chemical substitutions was obtained from the Ca, Mg and P 

concentrations determined by AES for a set of specimens. Average concentrations are 

presented in Table 4.1 in terms of hydrated and dry sialolith masses. In Figure 4.3 (a), the 

volume fraction of Whi in the crystalline matter, 𝑓௪
ோ =  

ೢ 
ೃವ

ಹಲ
ೃವା ೢ 

ೃವ, is plotted against the 

Mg concentration for each sialolith. A reference line shows the expected Whi fraction in 

HA:Whi mixtures for increasing Mg concentration assuming stoichiometric compositions 

(i.e., Ca10-x(PO4)6-x(CO3)y(HPO4)x-yOH2-x for HA [11] and Ca18Mg2H2(PO4)14 for Whi [4]). 

These results support the hypothesis that Whi crystallizing in biologic environments is of the 

Mg-substituted type [16, 17]. However, the experimental deviations relative to the reference 

line show that the amount of Mg is sub-stoichiometric. In addition, since Mg is residual in the 

organic matter [18, 19], the presence of Mg in specimens with 𝑓௪
ோ = 0 demonstrates that 

this element also substitutes Ca in HA. In consequence, the concentration of Mg in sialoliths 

is not a suitable proxy for Whi content. 

 

Table 4.1 – Average concentrations determined by AES for 40 sialoliths in hydrated and dry states. 

 

Hydrated state 

( ± ) 

Dry state 

( ± ) 

Ca (wt. %) 19.2 ± 5.0 25.8 ± 6.2 

Mg (wt. %) 0.2 ± 0.1 0.3 ± 0.1 

P (wt. %) 10.0 ± 2.7 13.4 ± 3.2 

Ca/P (wt. %) 1.9 ± 0.2 
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Figure 4.3 (b) shows the P vs Ca+Mg concentrations for each sialolith. Nominal points 

for HA and Whi are included (open circles) together with proportional guidelines (plotted 

assuming absence of Ca, Mg and P in the organic matter). The slightly excessive Ca+Mg 

concentration points to the presence of these elements in the organic matter, where up to ~2.5 

at. % Ca was previously detected [19, 20]. 

The average density of sialoliths in hydrated state was 1.8 ± 0.2 g/cm3. The coloured 

points in Figure 4.3 (c) represent the density of each specimen (sialolith) as a function of the 

mineral volume fraction, 𝑓 =
ಹಲାೈ

ೞ

, where V is volume and 𝑉௦ = 𝑉ு +

𝑉ௐ + 𝑉.  The values of 𝑓  were estimated from the Ca+Mg concentration 

assuming stoichiometry and absence of these elements in the organic fraction. Nominal 

density values for HA and Whi are included for comparison at fmineral = 1. A rule of mixtures 

was fitted to the points, with a fixed node at fmineral = 1 for which an average HA:Whi = 89:11 

proportion was assumed. The fitting yielded 1.2 ± 0.3 g/cm3 for the density of the organic 

matter (Figure 4.3 (c)).  

The lines in Figure 4.3 (d) represent the expected variations of 𝑓  and mineral 

density, 𝜌 =  
ಹಲାೈ

ೞ

, where m is mass, as a function of Ca+Mg concentration. 

These lines were determined assuming: 

1. An average proportion of HA:Whi = 89:11 for the mineral component. 

2. Absence of Mg in HA and stoichiometric Mg in Whi (Ca18Mg2H2(PO4)14 [3, 4]) given 

the lack of a suitable model to describe the partition of Mg between the two mineral 

phases (see Figure 4.3 (a)). 

3. HA substituted according to Ca10-x(PO4)6-x(CO3)y(HPO4)x-yOH2-x [11], where the absence 

of hydroxyl groups (x) is balanced with Ca2+ deficiency and phosphate protonation, 

while hydrophosphate groups are partially substituted (y) by carbonate ones. A negligible 
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presence of hydroxyl groups was assumed as inferred from the FTIR data, i.e., x ≈ 2, 

whereas the substitution of hydrophosphate by carbonate was presumed to represent 5 % 

of the total mass, i.e., y = 0.7, based on the mineralization behaviour of dentine, which 

also shows low concentration of OH- and high fraction of organic matter (~20 wt. %) 

[21, 22]. 

4. Nominal densities for stoichiometric Whi (Whi = 3.0 g/cm3 [4]) and substituted HA 

(HA = 2.7 g/cm3 [3, 11]). 

5. Organic matter density, organic, of 1.2 ± 0.3 g/cm3, as determined from the rule of 

mixtures fitted to the experimental points in Figure 4.3 (c). 

 

The expected non-linear behaviour of fmineral (and mineral) vs Ca+Mg concentration 

(Figure 4.3 (d)) results from a greater variation in mineral volume (and mass) compared to 

total sialolith volume (and mass) for increasing Ca+Mg concentration, as these elements 

integrate predominantly the denser mineral component rather than organic matter. The points 

in Figure 4.3 (d) represent experimental 𝑓  values determined for each sialolith from: 

Ca+Mg concentration, specimen volume (CT data), HA:Whi volume proportion and lattice 

parameters (XRD data). The fair agreement with the expected behaviour indicates that the 

reference line(s) can be used to estimate 𝑓  (and 𝜌 ) from the experimental 

Ca+Mg concentration. Indeed, this reasoning was employed to plot the gray points in Figure 

4.3 (c), which represent the experimental density for the subset of specimens not investigated 

by XRD and for which fmineral was estimated solely from the Ca+Mg concentration using the 

reference line in Figure 4.3 (d). 
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Figure 4.3 - (a) Volume fraction of Whi in HA+Whi mixtures, as determined by XRD, as a function of Mg concentration in 

hydrated specimens. The line represents the expected Mg variation for stoichiometric HA+Whi mixtures. HA: Ca10-x(PO4)6-

x(CO3)y(HPO4)x-yOH2-x, with x = 2 and y = 0.72 and Whi: Ca18Mg2(PO4)14. (b) P concentration vs Ca+Mg concentration with 

nominal positions for stoichiometric HA and Whi (open circles) and proportional guidelines. (c) Measured sialolith density vs 

mineral volume fraction estimated from the experimental Ca+Mg concentration (see (d)). The green region represents the 95 % 

confidence interval of the linear regression. (d) Mineral volume fraction (line and points) and mineral density (only line for 

clarity) estimated from the measured density and vs Ca+Mg concentration. Colour code for the solid points in all plots: blue – 

solely HA and blue/red – mixture of HA and Whi as inferred from XRD, gray – undetermined mineral HA vs Whi proportion. 

The lines in (a), (b) and (d) represent expected variations, while in (c) a rule of mixtures (equation in legend) was fitted to the 

blue/red points. 

 

Table 4.2 lists the weight and volume fractions of the mineral and organic components in 

sialoliths estimated from the experimental mass, volume and Ca+Mg concentration (see Figure 

4.3 (d)). The fraction of hydration water was inferred from the loss of mass during the drying 

process. Since dehydration occurs essentially in the organic matter [8], the hydration water was 

assumed to be fully integrated in the organic fraction. The mineral and organic weight fractions 
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in dry state were inferred from the hydrated values by subtraction of the water fraction. These 

results show that the organic volume fraction is predominant (65 vol. %), whereas the mineral 

mass accounts for most of the specimens’ hydrated and dry weights (respectively, 53 and 72 

wt. %).  

 

Table 4.2 – Mineralized and organic fractions (in weight and volume) of 33 sialoliths in dry and hydrated states, 

calculated from Ca+Mg wt. %. 

 

Hydrated state 

( ± ) 

Dry state* 

( ± ) 

Mineralized fraction  

(m/m) 
0.53 ± 0.13 0.72 ± 0.16 

Organic fraction 

(m/m) 
0.47 ± 0.13 0.28 ± 0.16 

Hydration water 

(m/m) 
0.27 ± 0.10 - 

Mineralized fraction 

(v/v) 
0.35 ± 0.10 - 

Organic fraction (with water) 

(v/v) 
0.65 ± 0.10 - 

* The specimens’ dry volume was not measured, thus mineralized and organic volume 

fractions in dry conditions are not estimated. 

 

4.1.2. Ultrastructure 

The ultrastructure of the sialoliths was often threaded with globules of variable size and 

mineralization degree, surrounded by highly mineralized regions (Figure 4.4 (a) and (b) and 

[20]). The organic globules typically presented a high density of precipitate clusters at the 

center and a precipitate-free zone near the interface (Figure 4.4 (a) to (d)), while regions around 

the globules showed dense dispersions of filamentary crystals (Figure 4.4 (c) and (e)) that 

have been identified as HA. 
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Figure 4.4 – Calcium phosphate clusters and typical hydroxyapatite crystals in sialolith ultrastructure. (a), (b) SEM 

(BSE) image of globules of organic matter partially mineralized. (c) TEM magnified view of interfacial region. (d) SEM 

(BSE) image of mineralization clusters inside a globule. (e) TEM image of hydroxyapatite crystals in a region around 

globules. 

 

4.1.3. Computed microtomography 

Figure 4.5 shows longitudinal CT sections of sialoliths. Most specimens presented a single 

well-defined nucleation center (e.g. S28), one showed several (S32) and two did not exhibit a 

clear nucleation center (S30 and S40).  
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Figure 4.5 – Median longitudinal CT cross-sections of a subset of specimens. Brighter regions indicate higher 

mineralization and dark regions represent essentially organic matter. Scale bar is 2 mm 

 

Figure 4.6 – Radial attenuation profiles of sialoliths normalized to enamel’s attenuation, obtained from warped and 

radially integrated CT data. The red dotted curve represents the average profile of the studied population. The arrow 

indicates a maximum at R = 1.2 x 10-3 m. 
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These results demonstrate that sialoliths adopt nearly spherical (S41 in Figure 4.5), oval (S38 

in Figure 4.5) or asymmetrical (S35 in Figure 4.5) shapes [23], while the internal structure 

shows growth patterns ranging from quite concentric (e.g., S33) to rather irregular (e.g., S40). 

Figure 4.6 presents the radial attenuation profile for each sialolith (warped, 2-integrated 

and normalized in terms of enamel attenuation), with dots representing the average profile for 

this population. The nucleation centers displayed either distinctively higher or lower 

mineralization (compare S28 with S33 in Figure 4.5): using an arbitrary threshold of 50 % of 

enamel’s attenuation, 9 mineralized and 14 organic nucleation/central regions have been 

identified (see Figures 4.5 and 4.6). Despite the high variability in the evolution of 

mineralization, on average, an attenuation maximum occurs around R ~ 1.2 mm (arrow in 

Figure 4.6). These results suggest a growth law characterized by heavy mineralization around 

the nucleation region typically followed by less dramatic variation in mineralization at later 

stages (see Figures 4.5 and 4.6). 

Table 4.3 presents geometrical parameters of the sialoliths. The eccentricity, i.e., the 

distance between the nucleation and geometrical centers (normalized to the radius), reflects 

the anisotropic growth from the initial nucleation center.  

 

Table 4.3 – Geometrical parameters obtained from CT data from 23 sialoliths. 

 Average ± standard deviation 

Volume (10-9 m3) 253.2 ± 441.0 

Aspect Ratio 2.4 ± 0.7 

Eccentricity 0.4 ± 0.3 

Diameter* (10-3 m) 5.7± 2.6 

*Determined from the radial profiles. 
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Figure 4.7 presents the average CT attenuation of each specimen, normalized to enamel, 

ఓഥೞ
ഋ

ఓഥೌ
ഋ , as a function of density, sialolith, and of mineral density, mineral, estimated from the 

Ca+Mg concentration (Figure 4.3 (d)). For comparison, the nominal density of enamel (~2.96 

g/cm3 [24]), renal calculi [25], living tissues [24], water and air have been added to Figure 4.7 (a).  

 

 

Figure 4.7 – (a) Attenuation as a function of density. (b) Attenuation as a function of mineral density. Blue – solely HA 

and blue/red – mixture of HA and Whi as inferred from XRD, gray – undetermined mineral proportion, open circles – 

literature values [26-28]. The error bars correspond to the standard deviation of the attenuation distribution in each specimen 

and the green region corresponds to the 95 % confidence interval of the linear regression.  
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The dashed line in Figure 4.7 (b) is a linear fitting to the experimental points, with the 

intercept at ~0.25 representing the attenuation of the organic matter (mineral = 0). The error bars 

correspond to the standard deviation of the attenuation distribution, which was largest for the 

most organic specimen (S43 in Figure 4.5). 

 

4.1.4. Helical computed tomography 

Differences in volume and relative attenuation between HCT (Light Speed GE VCT) and 

CT (SkyScan 1172) data from the same specimens are plotted as a function of specimen 

average radius in Figure 4.8 (a). Relative differences in attenuation between HCT and CT 

measurements are also shown in Figure 4.8 (b) as a function of the ratios between (i) 

specimen radius and HCT in-plane resolution, and (ii) specimen radius and HCT z-axis 

resolution. Orthodontic wax and tooth enamel were employed as phantoms to calibrate the 

offset and gain of the HCT datasets in Figure 4.8 (a), whereas orthodontic wax and a 

specimen, S44a, were employed to calibrate the data in Figure 4.8 (b). The larger dimensions 

of S44a, with 𝑅ത = 6.8 x10-3 m, compared to enamel, with 𝑅ത = 2.1 x10-3 m, make S44a phantom 

less affected by volume averaging [29]. The phantoms’ attenuation was adjusted to, 

respectively, 0 % and 40 % of the bit resolution. In Figure 4.8, circles represent ex vivo and 

stars represent in vivo data. In vivo data were processed using the gain and offset established 

for ex vivo HCT data using the same instrument. The background attenuation in in vivo and 

ex vivo was 
ఓഥೌೌೝ

ಹ

ఓഥೌ
ഋ  = 0.04 ± 0.004 and 

ఓഥೞೞೠ
ಹ

ఓഥೌ
ഋ  = 0.09 ± 0.01, respectively. Figure 4.9 shows 

cross-sections of the same specimens obtained by in vivo HCT, ex vivo HCT and ex vivo 

CT.  
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Figure 4.8 – (a) Deviations of volume and attenuation between HTC and CT data as a function of specimen average 

radius. The ● and  data points correspond, respectively, to ex vivo and in vivo acquisitions performed using the Light 

Speed GE VCT instrument. (b) Deviation of HCT attenuation relative to the CT data as a function of the ratio between 

specimen radius and in-plane HCT resolution (0.19-0.76) and of the ratio between specimen radius and HCT collimation 

width (0.63).  
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Figure 4.9 - Comparison between CT and HCT sections of three specimens obtained in vivo and ex vivo: (a), (b), (d), 

(e), (f) Light Speed GE VCT, (c) Philips Brilliance 16 and (g), (h), (i) SkyScan 1172. Spatial resolution of (a) in plane: 0.56 

mm and z-axis: 0.63 mm, (b) in-plane: 0.54 mm and z-axis: 0.63 mm. (c) in-plane: 0.28 mm and z-axis: 0.75 mm. (d) and (e) 

in-plane: 0.19 mm and z-axis: 0.19 mm. (f) in-plane: 0.51 mm and z-axis: 0.51 mm. (g) and (h) voxel size: 0.01 mm. (i) 

voxel size: 0.02 mm. Scale bar is 4 mm 

 

4.2. Discussion 

The major mineral component in the sialoliths is Mg-substituted, Ca-deficient, type-B 

carbonated hydroxyapatite, often mixed with sub-stoichiometric Mg-whitlockite (Figure 4.1 

and Figure 4.3). The chemical substitutions found are common and have been shown to be 

synergistic in apatites [15, 16]. 

The organic fraction in sialoliths is composed by protein and lipidic biomolecules as 

shown by the characteristic FTIR bands of amide and alkyl functional groups [7], 
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respectively (Figure 4.2). Mucins [10], collagen [8], glycolipids and several phospholipids 

[30-32] have been previously identified in sialoliths, as well as calcium-binding glycoproteins 

[33-35], that may be responsible for the presence of calcium in the organic matter of sialoliths 

(Figure 4.3 (b)). The similarity between the FTIR signatures demonstrates that the organic 

matter originates from saliva (Figure 4.2) [36, 37]. Nevertheless, contributions from the oral 

mucosa tissue and bacterial debris have been also reported [30, 38, 39]. 

A precipitation mechanism involving a transient phase of amorphous calcium phosphate 

(ACP) has been proposed for biological calcifications [40] and in vitro synthesis of HA from 

supersaturated aqueous solutions [41]. Clusters which may initially have been ACP [42] were 

present in the ultrastructure of sialoliths, predominantly inside organic globules (Figure 4.4 

(a) and (b)) (see Chapter 3). However, given the transformation of ACP into HA in the course 

of mineralization, only a residual presence ACP would be expected in sialoliths. Whi may 

have resulted from conversion of HA [1]. Nevertheless, this hypothesis remains to be proven, 

since maturation of HA into Whi occurs in vitro only at high temperature (~700 ºC) [43]. Mg 

concentration, saliva pH and concentration of crystallization inhibitors/enhancers are known 

to play important roles in the precipitation mechanisms of calcium phosphates [16, 17, 44], 

and may critically catalyse or inhibit specific crystallization paths. In any case, the present 

results show that the mineralization mechanisms in sialoliths are complex and require further 

investigation. 

The specimens studied presented a major organic fraction corresponding to ~65 % of the 

hydrated volume (Table 4.2). Although the CT cross-sections in Figure 4.5 suggest 

prevalent mineralized regions, it should be noted that these consist of nanometric crystals 

dispersed in a water-based gel matrix (see Figure 4.4 (d) and (e) and Table 4.2) [37]. The dry 

density reported in the literature for sialoliths (1.1 - 1.4 g/cm3 [45, 46]) is lower than the 

values measured in the present study for hydrated sialoliths (1.8 ± 0.2 g/cm3). This difference 
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is justified by the fact that the loss of water from the organic matter is not proportionally 

reflected in volume reduction, and emphasizes the need to investigate the specimens in 

hydrated state.  

The sialoliths’ geometry: spherical, oval or asymmetrical [23] (Figure 4.5), is associated 

with the anatomical location [47, 48]. Most of the specimens investigated in the present study 

had relatively high aspect ratios (Ar > 2) (Table 4.3) consistent with the geometric constraints 

in the ducts of salivary glands [47]. In addition, the mineralization process of sialoliths is 

conditioned by the flow dynamics of saliva at their surface [23]. Regardless of the calculi 

morphology, low-velocity regions are formed near the calculi anterior and posterior surface 

[23]. This effect enhances the local precipitation of Ca2+, PO4
3- and Mg2+ and results in an 

anisotropic elongation of the calculi in the saliva flow direction [23]. The high dispersion of 

the volume, eccentricity and mean diameter values can be partly justified by the variable time 

between nucleation and surgical extraction. 

The variable mineralization of the sialoliths’ nuclei reflects different nucleation 

processes [33, 49-51]: heavily mineralization compatible with nucleation based on accretion 

of calcified sialomicroliths [36], whereas weakly mineralization at the initial stages points to 

condensation of stagnant secretory material and cellular components poor in calcium [36]. 

These two nucleation mechanisms present similar rates of occurrence as evaluated using an 

arbitrary threshold (50 % of enamel’s attenuation, see Figure 4.5 and Figure 4.6). Calculi 

with multiple cores (see S32 in Figure 4.5) or without any core (see S30 and S40 in Figure 4.5) 

are atypical. Additional statistical analysis of the mineralization level at the nucleation region 

may be able to provide a deeper understanding of the initial stages of sialolith formation. 

The internal structure revealed growth patterns ranging between concentric (e.g., S33 in 

Figure 4.5) and irregular (e.g., S40 in Figure 4.5) which have been proposed to be associated, 

respectively, with (quasi) steady-state growth and recurrent inflammation/infection episodes 
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that induce growth perturbations (see Chapter 3). Nevertheless, specific features suggest 

common mechanisms (Figures 4.5 and 4.6):  

 Heavy mineralization around the nucleation region (with maxima at R ≈ 1.2 mm); 

 Cyclic mineralization with variable periodicity that may be associated with 

temporary depletion of the mineralization species below the precipitation 

threshold. 

 Reduced variation of the local mineralization at later stages [23]. 

The X-ray attenuation values obtained by CT are similar to the ones reported in a 

previous study [45]. The relation between X-ray attenuation and the mineralization level of 

sialoliths is established in (Figure 4.7). These results show that orthodontic wax and human 

enamel are reliable phantoms for CT of sialoliths.  The dispersion of the attenuation values 

for each specimen was rather independent of the average mineral density, in agreement with 

the variation in mineralization degree observed by electron microscopy. 

The sialolith volumes determined from in vivo and ex vivo HCT using Otsu’s 

thresholding show deviations below 15 % relative to the CT data (black data Figure 4.8 (a)). 

Therefore, the relatively large differences in attenuation between the calculi and the 

background enabled correct segmentations. However, the fine internal structure of the 

specimens was poorly resolved in HCT and volume averaging at the specimens’ periphery 

increased the uncertainty in estimating the average attenuation. In fact, values obtained by 

HCT show differences up to 55 % in relation to CT for larger sialoliths data in Figure 4.8 

(a). This indicates that tooth enamel (𝑅ത = 2 mm) is not a suitable phantom for HCT gain 

calibration: the reduced size in relation to the spatial resolution resulted in strong averaging 

with the less opaque surrounding voxels, which lowered significantly the average HCT 

attenuation of the phantom compared to CT data. Similar averaging occurred for small 

sialoliths producing lower differences between HCT and CT data for these specimens, while 
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for larger sialoliths, the average contribution from external voxels was weaker, which 

resulted in higher attenuation compared to enamel and, therefore, in greater deviations 

between HCT and CT values. These problems can be mitigated with larger phantoms, as 

shown in Figure 4.8 (b), where attenuation differences of ~35 % were obtained for small 

specimens and the poorest HCT resolution. The deviations in relative attenuation between 

HCT and CT data showed stronger dependence on the slice thickness (along the z direction 

and governed by the collimation width) than on the in-plane pixel size (Figure 4.8 (b)). The 

deviations in attenuation are below 10 % for specimens with 𝑅ത  > 10*slice thickness, 

demonstrating that the relative attenuation of sialoliths can be accurately determined with 

HCT when high z-axis spatial resolution is employed (Figure 4.8 (b)).  

The present work shows that the mineralization degree of sialoliths can be determined 

from the in vivo X-ray attenuation through the calibration relations present in Figure 4.7. 

Several experimental models have been developed to predict the outcome of shock wave 

lithotripsy in renal calculi [26, 52, 53], while clinical trials have already established 

correlations between the outcome of shock wave lithotripsy and the size and attenuation of 

salivary calculi [54]. Therefore, the proposed methodology can assist physicians in selecting 

the most suitable lithotripsy technique(s) for each patient [55]. 

 

4.3. Summary 

The major mineral component of the sialoliths is magnesium-substituted, 

calcium-deficient, type-B carbonated hydroxyapatite (89 vol. %), often mixed with sub-

stoichiometric Mg-whitlockite (11 vol. %). The similarity between their FTIR signatures 

demonstrates that the organic matter originates from saliva. The organic fraction in the 

sialoliths investigated corresponds to 65 % of the calculi hydrated volume. 
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Information on the morphology and degree of mineralization of sialoliths is relevant for a 

correct selection of lithotripsy procedures. The method proposed here for calibration of ex 

vivo and in vivo X-ray computed tomography data offers a first approach for in-depth 

characterization of sialoliths in pre-therapeutic context. 
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Overview 

In this chapter, the hardness (H) and the Young’s modulus (E) of sialoliths is 

determined at different scales by indentation techniques. Specific damage induced in the 

structure of sialoliths by ultrasonic vibrations, pneumoballistic impacts, shock waves and 

laser ablation is investigated by scanning electron microscopy (SEM) coupled with X-ray 

energy dispersive spectroscopy (EDS) and X-ray computed microtomography (CT). 

Fundamental aspects of the response of sialoliths to mechanical fragmentation and laser 

ablation are discussed. 

 

5.1. Results  

5.1.1. Local and average mechanical behaviour 

Nanoindentation experiments were performed taking into account the local diversity of 

the sialoliths' ultrastructure in terms of mineralization degree and morphology: (a) 

homogeneous organic matrix with low mineralization, (b) highly mineralized regions and (c) 

composite material presenting organic globules with surrounding (and internal) mineralized 

regions (Figure 5.1). Since the nanoindentations were smaller than the composite’s 

morphological features, the properties of the organic and mineralized regions were measured 

independently (see Figure 5.1 (c)). EDS point analyses attested for the similarity of each type of 

matter in the different configurations (see spectra in Figure 5.1 and their quantification in Table 

5.1 where relevant differences are highlighted in shaded blue). Figure 5.1 (d) to (f) presents 2D 

distributions of Young’s modulus vs. hardness obtained from nanoindentation experiments 

performed on the different structural typologies. The organic matrix presented a soft and 

uniform mechanical behaviour (Figure 5.1 (d)), while the mineralized matter exhibited 

significantly higher H and E values (Figure 5.1 (e)) and larger dispersions that point to higher 
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structural heterogeneity (see Figure 5.1 (b)). The composite material (Figure 5.1 (c)) shows a 

bimodal distribution with in-between H and E values in relation to the "purely" organic and 

mineralized regions due to the variable mineralization (Figure 5.1 (f)). Table 5.2 lists the mean 

values and standard deviations of estimated 2D Gaussian models ( ± ). 

 

 

Figure 5.1 – (a) to (c) SEM (BSE) images showing the sialolith typologies in terms of morphology and local 

mineralization with corresponding EDS spectra. Berkovich nanoindentations are marked:  - accepted,  - excluded. (d) to 

(f) Young’s modulus vs hardness distributions obtained from nanoindentations where the lines represent constant values of 

the fitted Gaussian models. In (f) the fitted model was a summation of two 2D Gaussians. 
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Table 5.1 - Standardless quantification of the spectra shown in Figure 5.1.  

  
C 

(wt. %) 
O 

(wt. %) 
P 

(wt. %) 
S 

(wt. %) 
Ca 

(wt. %) 

1 Organic region in Figure 5.1 (a) 70 ± 1 24 ± 1 1 ± 1 5 ± 1 2 ± 1 

3 Organic region in Figure 5.1 (c) 56 ± 3 18 ± 2 4 ± 1 8 ± 1 14 ± 1 

2 Mineralized region in Figure 5.1 (b) 7 ± 1 25 ± 1 19 ± 1 1 ± 1 49 ± 1 

4 Mineralized region in Figure 5.1 (c) 11 ± 2 17 ± 2 20 ± 1  1 ± 1 51 ±1.5 

N.B. Elements with atomic number lower than boron (Z = 5) cannot be detected by EDS, namely, hydrogen 

(Z = 1). 

 

Figure 5.2 shows a microindentation performed on a dry sialolith with composite 

structure together with (H,E) distributions determined from microindentations performed on 

dry and hydrated sialoliths with composite structure. Table 5.2 lists the mean values and 

standard deviations ( ± ) of estimated 2D Gaussian models. Since the indentations were 

larger than the ultrastructural features, the properties measured at this scale are intrinsically 

averaged (see Figure 5.2 (a)). Indeed, the distributions obtained from dry and hydrated 

sialoliths present essentially a single mode (respectively, Figure 5.2 (b) and (c)). However, 

the distribution obtained from hydrated specimens presents a much softer average behaviour 

and larger value dispersion. The evolution of the mechanical properties along time was used 

to monitor the influence of dehydration during the microindentation experiments (Figure 5.3). 

The estimated low correlation value attests for a minor effect. Radial cracks emanating from 

Vickers microindentations have not been observed [1]. 
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Figure 5.2 - (a) SEM (BSE) image of a Vickers microindentation (1 N) performed on a dry sialolith. Microindentations 

in hydrated specimens could not be clearly discerned by SEM. (b) and (c) Young’s modulus vs hardness distributions 

obtained from, respectively, dry and hydrated sialoliths, where the lines represent constant values of the fitted 2D Gaussian 

models. 
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Figure 5.3 - Effect of loss of hydration water during microindentation experiments. Each set of experiments was carried 

out for about 2 h with a relative humidity of 70 %. The linear correlation factor with time (r) was 0.10 for E and 0.16 for H. 

 

Table 5.2 – Young’s modulus and hardness estimated from nano, micro and macroindentation. 

Indentation 
characteristics 

Calculi typology 
(nspecimen,nindentation) 

Hardness (GPa) 
(±σ) 

Young’s modulus (GPa) 
(±σ) 

Nanoindentation 
F = 3 mN 

Berkovich indenter 

Dry organic 
(1,94) 

0.25 ± 0.01 5.0 ± 0.16 

Dry mineralized 
(1,79) 

1.1 ± 0.15 28.1 ± 1.70 

Dry composite 
(organic regions) 

(1,30) 
0.37 ± 0.11 9.72 ± 2.94 

Dry composite 
(mineralized regions) 

(1,36) 
0.78 ± 0.24 17.30 ± 4.90 

Microindentation 
F = 1 N 

Vickers indenter 

Dry composite 
(5,55) 

0.29 ± 0.14 9.15 ± 2.92 

Hydrated composite 
(5,63) 

0.14 ± 0.18 6.20 ± 4.32 

Macroindentation 
F = 300 N 

Vickers indenter 

Hydrated composite 
(5,6) 

0.15 ± 0.04 - 

Macroindentation 
F = 500 N* 

Vickers indenter 

Hydrated composite 
(1,1) 

0.23 - 

* Only one specimen was sufficiently large to withstand this high load. 
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Figure 5.4 - (a) Young’s modulus vs hardness where the domains enclose mean ± standard deviation ( ± σ). Data: [1, 

2] for renal calculi, [3, 4, 5] for enamel, [6, 7] for hydroxyapatite, and present work for sialoliths. (b) Magnified detail for 

renal calculi with  ± σ values from literature. As standard deviations for E were not reported, the domain encloses  ± σ for 

H but only for E and is represented by a dashed line. (c) Magnified detail for dry composite sialoliths for the 5 specimens 

tested. (d) Magnified detail for hydrated composite sialoliths for the 5 specimens tested. 
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The H and E data determined from the microindentation experiments is presented in Figure 

5.4 together with literature values for renal calculi [1, 2], enamel [3-5] and sintered 

hydroxyapatite [6, 7]. Figure 5.4 (c) and (d) shows the same data as Figure 5.2 (b) and (c), 

respectively, but instead of global value distributions, here the mean ± standard deviation ( 

± σ) is represented for each of the 5 specimens investigated. Enamel, which is composed of 

94-96 % hydroxyapatite [8], presents hardness and Young’s modulus values that are 

approximately one order of magnitude above those of renal and salivary calculi (Figure 5.4 (a)). 

On average, renal calculi present higher (H,E) values than sialoliths (Figure 5.4 (b) versus (c)), 

although their mechanical properties depend strongly on the specific composition. In the case 

of sialoliths, the compositions of mineralized and organic regions were consistent across the set 

of specimens studied and the differences in mean value and dispersion are essentially related to 

the global and local mineralization degree as well as hydration degree (Figure 5.4 (c) and (d)). 

Hardness values determined from hydrated sialoliths using forces of 300 and 500 N 

are also listed in Table 5.2. These macroscale values are within the range defined at the 

microscale for hydrated sialoliths (see Table 5.2 and Figure 5.4 (d)).  

 

5.1.2. Local and extended damage patterns 

Figure 5.5 illustrates the diversity observed in the fracture behaviour of sialoliths. 

Microindentation induced circumferential crack lines (Figure 5.5 (a)) and the patterns of 

crack propagation indicate that the mineralized matter confers structural strength, while 

organic regions and/or interfaces tend to deflect cracks or cease their progression (see Figure 

5.5 (b)). In other instances, the fracture surfaces exhibited dimples characteristic of ductile 

fracture [9] with particles/inclusions lying at the center of larger dimples (Figure 5.5 (c)). 
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Figure 5.5 - (a) Crack pattern resulting from microindentation. (b) Magnified detail of (a) showing debonding at globule 

interfaces, crack deflection, branching and meandering. (c) Dimple fracture surface exhibiting textbook features of a ductile 

material containing rigid inclusions 

 

Figure 5.6 shows the local damage induced in hydrated sialoliths by ultrasonic 

vibrations ((a) and (b)) and pneumoballistic impacts ((c) and (d)). Local damage produced by 

shock waves and laser ablation is illustrated in Figures 5.7 and 5.8, respectively. Ultrasonic 

vibrations and pneumoballistic impacts resulted in preferential fracture/spalling of heavily 

mineralized material, while organic matter was relatively unaffected (Figure 5.6 (b) and (d)). 
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Figure 5.6 - (a) Damage caused by ultrasonic vibrations. (b) Magnified detail of (a) showing preferential 

extraction of mineralized matter (bright regions). (c) Damage caused by pneumoballistic impacts. (d) Magnified 

detail of (c) showing preferential removal of mineralized material. 

 

 In contrast, shock waves leached the organic components and left relatively unchanged 

the mineral components (compare Figures 5.7 (b) with 5.7 (e) and 5.6 (b) with 5.7 (c)). 

Leaching of the organic matrix resulted in alveolar morphologies (Figure 5.7 (d)) and was 

associated with flow of mineralized matter (which consists of hydroxyapatite nanocrystals 

dispersed in an organic gel) (Figure 5.7 (e)).  
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Figure 5.7 - Damage caused by shock waves. (a) Damaged sialolith’s rendered volume. (b) to (d) Structures 

resulting from preferential removal of organic matter. (e) Flow of highly mineralized matter. 
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The damage induced by the Ho:YAG laser to the sialoliths’ structure was rather 

confined (Figure 5.8 (a)). Laser ablation occurred mostly by melting and vaporization of the 

sialoliths’ components (Figure 5.8 (b)), while cracking indicates that the surrounding areas 

were damaged by mechanical phenomena (Figure 5.8 (a)). Both molten mineralized matter 

(Figure 5.8 (b)) and stand-alone globules (Figure 5.8 (c)) have been found at the walls of the 

irradiated regions suggesting similar ablation rates. Further systematic studies are required to 

establish differences in the response of the two components. 

 

 

Figure 5.8 - (a) Damage caused by the Ho:YAG laser. (b) Detail of the wall around the irradiated area 

evidencing melting. (c) Detail of the wall around the irradiated area showing globules. 
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Figure 5.9 - CT sagittal and axial sections showing extended damage resulting from (a) to (d) macroindentation, (e) 

and (f) pneumoballistic impacts, and (g) and (h) shock waves. Indentation data is given in the corresponding legends. The 

dashed line on the sagittal section indicates the position of the axial section. 
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Figure 5.9 presents CT sections showing the extended damage induced in hydrated 

sialoliths by macroindentations ((a) to (d)), pneumoballistic impacts ((e) and (f)) and shock 

waves ((g) and (h)). As the volumes affected by ultrasonic vibrations and laser ablation were 

small, extended damage was not observed for these techniques. The damage caused by 

macroindentations was strongly dependent on the underlying ultrastructure and 

mineralization degree. For instance, crack patterns typical of brittle materials were generated 

in highly mineralized regions around the indentation (Figure 5.9 (a) and (b)), while less 

severe damage was induced in more homogeneous but less mineralized regions for the same 

indentation parameters (see Figure 5.9 (c) and (d)). A similar behaviour has been observed 

for pneumoballistic impacts (Figure 5.9 (e) and (f)). Shock waves produced delamination of 

the (roughly) concentric layers but not extended cracking (Figure 5.9 (g) and (h)).  

 

5.2. Discussion 

5.2.1. Local and average mechanical behaviour 

In general, sialoliths can be described as biocomposites consisting of a soft component 

(weakly mineralized organic matrix), dispersed in a hard component (heavily mineralized 

organic matrix). The average H and E at the micro- and macro- scales fall between the values 

measured for the individual organic and mineral components (Table 5.2), suggesting a 

behaviour roughly compatible with a 'rule of mixtures' employed in the field of composite 

materials [10].  

The extremely high hardness and Young's modulus of enamel are a reflection of the 

high degree of mineralization and of the spatial organization of the hydroxyapatite crystals in 

this biocomposite [8, 11]. Poorer mineralization and structural disorder contribute to lower H 

and E both in sialoliths and calciferous renal calculi (Figure 5.4 (a)). Yet, dry sialoliths tend to 
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present even lower values than those of dry Ca-based phosphate renal calculi (Figure 5.4 (b) 

and (c)). This can be justified by the higher fraction of organic matrix in sialoliths (e.g. 18 % of 

dry weight [12]) compared to calciferous renal calculi (about 2 % of the total dry weight [13]). 

In fact, dry sialoliths can even be softer than acid uric and cystine calculi, which are essentially 

organic [14]. This is likely due to the different structural organization; acid uric and cystine 

present crystallized structures in renal calculi [15, 16], while the degenerated secretory 

materials that compose the organic matter in sialoliths are (hydrated) gels. 

Mechanical characterization is often performed on dry calculi [1, 17, 18]. However, 

sialoliths are significantly harder in dry conditions than in vivo (compare Figure 5.4 (c) and 

(d)) and therefore relevant mechanical evaluation requires hydrated conditions. A similar 

trend has been reported for renal calculi, although the average H and E values obtained for 

hydrated sialoliths (Table 5.2) are significantly lower than the ones reported for hydrated renal 

calculi [14]. Remarkably, hydration lowers the low-H/low-E region of the (H,E) domain 

without significantly affecting the high-H/high-E region. This indicates that drying 

strengthens sialoliths by changing the behaviour of the organic matter, while mineralized 

regions retain their properties. Therefore, in hydrated states, the mechanical behaviour of 

sialoliths depends strongly on the fraction of organic matter. Thermal calorimetric studies 

showed that the loss of hydration water occurs essentially in the organic component [19], 

supporting the present observations. 

Since the ultrastructure of sialoliths is sufficiently fine, the experiments carried out at 

the microscale seem to conveniently describe the mechanical behaviour of the whole structure 

(compare the micro and macroindentation results in Table 5.2). 
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5.2.2. Local and extended damage 

Generally, sialoliths exhibit the fracture behaviour of composite materials consisting 

of a brittle medium with ductile inclusions (Figure 5.6 (b)). However, in some instances, the 

fracture surfaces are representative of composites consisting of a ductile medium with rigid 

inclusions (Figure 5.6 (c)). The diversity of morphologies and variable mineralization 

observed in the ultrastructure of sialoliths point to fracture behaviour of mixed 

characteristics. 

Figure 5.10 (a) illustrates the toughening mechanisms typically associated with a brittle 

medium with ductile inclusions. In these systems, weak interfaces play a key role in toughening 

by debonding, which diverts the excess energy required by the new surfaces from the crack 

propagation process.  

 

 

Figure 5.10 - (a) Toughening mechanisms in a brittle matrix containing dispersions of ductile inclusions. (b) 

Classical dimple fracture in a ductile material containing rigid inclusions. Adapted from [22] 
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Crack deflection, meandering and branching increase the total fracture surface and are 

also effective means of dissipating energy [20]. Blunting of the crack tip consumes energy 

during the plastic deformation of the ductile component, a process that delays crack progression 

and lessens the stress concentration at the tip. These mechanisms have been identified in highly 

mineralized regions with dispersions of organic globules (see Figure 5.5 (b)). Microindentation 

of calciferous renal calculi with over 95 wt. % of mineral content results in circumferential 

and radial crack lines [1, 21]. However, radial cracks emanating from microindentations were 

not observed in hydrated sialoliths. This indicates that these calcifications do not present a 

typical brittle behaviour, attesting for the role of the organic component in hindering crack 

propagation. 

Dimple fracture surfaces, shown schematically in Figure 5.10 (b), represent the classical 

failure mechanism in the case of a ductile medium with rigid inclusions. The process is 

associated with large plastic deformation and ductile tearing in a so-called active layer (dashed 

rectangle in Figure 5.10 (b)); as a result, microscopic voids form, grow and eventually coalesce, 

which lead to the distinctive dimple structure. The presence of rigid inclusions, which do not 

deform at the same rate, favours dimple nucleation [9] leading to fracture surfaces where 

particles sit at the center of larger dimples (Figure 5.5 (c)). This type of behaviour can be 

expected for weakly mineralized regions. 

The crack propagation patterns and facture surfaces could only be clearly observed in 

dry sialoliths. However, assuming that mineralized regions have similar mechanical 

properties in hydrated and dry conditions, while organic regions are softer in hydrated states 

(see Figure 5.4 (c) and (d)), the mechanisms described above can also be anticipated for 

hydrated settings, such as in vivo ones. 

The local damage caused by ultrasonic vibrations and pneumoballistic impacts is 

consistent with flakes breaking off (spalling) from mineralized regions and being 
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subsequently washed away, while the organic regions remained relatively unaffected (Figure 

5.6 (a) and (b)). Conversely, shock waves caused preferential removal of the organic matter 

by a leaching process (Fig 5.7 (b) to (d)), and induced flow of the unsupported mineralized 

material (Figure 5.7 (e)). The comparison of Figure 5.6 (b) with Figure 5.7 (c) illustrates the 

opposite effects of the respective lithotripsy techniques. 

Shock waves did not induce crack propagation in highly mineralized regions. This 

behaviour is probably related with a relatively high fraction of organic matrix in the 

mineralized regions themselves and with the presence of neighbouring compliant organic 

regions. Cavitation induced by shock waves is most likely the phenomenon responsible for 

dissolving and leaching the organic gel(s) [23]. The fractal patterns in the sialoliths’ 

ultrastructure already indicate a flowing predisposition (see fractal patterns in Figure 3.8). 

Dissolution and flowing are less efficient in comminution than crack propagation, which 

justifies the relatively lower success rates achieved in the fragmentation of sialoliths 

compared to renal calculi [24-28].  

The low strength of sialoliths (Figure 5.4 (d)) and the fact that they often collapse 

during surgical extraction (and ensuing handling) suggest that these structures are, in fact, 

less tough than renal calculi. Thus, the key to understand the lower efficiency of shock wave 

lithotripsy lies on the rheological behaviour of sialoliths rather than on their mechanical 

toughness. The cohesive-zone model is typically employed to describe the shock wave-induced 

failure of renal calculi, considered brittle materials for this purpose [29]. However, the viscous 

fingering detected in the ultrastructure of the sialoliths (see Chapter 3), the leaching of organic 

matter and the flowing patterns induced by shock waves demonstrate that fluid mechanics must 

be included in the description of the mechanical damage inflicted to sialoliths. 

The Ho:YAG laser produced wells resulting from melting/ejection of the underlying 

components (Figure 5.8 (a) and (b)). Similar damage has been found in dentine, enamel and 
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renal calculi, in which laser ablation occurred by photothermal phenomena, while 

photomechanical effects were secondary and evident only around the irradiated zone [30, 31]. 

Although the parameters used in the ballistic, shock wave and laser ablation 

experiments are similar to parameters currently employed for renal calculi lithotripsy, a larger 

number of specimens would be required to reach definite and generalized conclusions 

regarding the comminution behaviour of sialoliths. Nevertheless, in the present case, 

extended damage was achieved with shock waves and pneumoballistic impacts (Figure 5.9 

(e) to (h)), while laser ablation induced rather confined destruction (Figure 5.8 (a)). This 

suggests that mechanical methods are better suited for comminution of large sialoliths, 

whereas laser ablation can be useful for precise drilling/dusting of small sialoliths or 

fragments generated by other lithotripsy techniques. Nevertheless, the high fraction and fine 

dispersion of organic matter in sialoliths reduces the local damage induced by mechanical 

means, which justifies the poorer performance of lithotripsy methods employed in 

sialolithiasis compared to nephrolithiasis management [24-27]. 

Multimodal approaches have been proposed to further optimize the lithotripsy outcome, 

in which the best-suited method available is chosen according to the calculi features inferred 

from in-situ characterization [32] (see Chapter 4). Nevertheless, by understanding the specific 

damage caused by each of the lithotripsy methods, the operational parameters can be fine-tuned 

to further optimize the fragmentation outcome of sialoliths [32-34]. 

 

5.3. Summary 

Sialoliths can be generally described as biocomposites consisting of soft organic 

globules dispersed in a mineralized hard matrix. Organic globules finely dispersed in the 

ultrastructure of sialoliths condition the response to mechanical lithotripsy, especially in 
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hydrated conditions, due to the apparent low viscosity of the organic gel in globular 

morphologies. 

The mechanical behaviour of sialoliths depends strongly on the fraction of organic 

matter, due to the apparent low viscosity and ductile nature of the organic gel. Sialoliths 

fracture surfaces are compatible with fracture behaviour of mixed characteristics, however, 

evidence was found for typical fracture behaviour of a brittle medium with ductile inclusions 

and ductile medium with rigid inclusions 

Fragmentation induced by ultrasonic waves and pneumoballistic impacts target 

preferentially the mineralized material leaving the organic matter largely unaffected, whereas 

shock waves promote dissolution and leaching of the organic fraction. Laser ablation destroys 

homogeneously the irradiated zones regardless of the mineralized/organic nature of the 

underlying ultrastructure; however, damage is less extensive than with mechanical methods. 

The present results suggest that mechanical methods are best suited for comminution of large 

sialoliths, whereas laser ablation can be useful for precise drilling/dusting of small sialoliths 

or fragments generated by other lithotripsy techniques. 

Correlations between lithotripsy efficiency with sialolith dimensions and X-ray 

attenuation were previously identified in clinical studies [35]. In this sense, the characterization 

method proposed in this work (see Chapter 4) could be implemented in a pre-therapeutic 

context to improve the in situ characterization of sialoliths in a multimodal therapeutic 

approach. 
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The structure, composition and mechanical behaviour of sialoliths have been characterized 

in detail to better understand the response of sialoliths to lithotripsy methods. 

Typically, sialoliths present one major core, with either higher or lower mineralization 

than the surrounding regions. Specimens with multiple or without any core are not prevalent 

but their existence demonstrates diversity in the nucleation processes. Four different growth 

patterns have been identified in relation to the calculi organization and mineralization degree. 

Nonetheless, heavy mineralization around the nucleation region (with average maximum at R 

= 1.2 mm) and low variation in local mineralization at later stages, suggest common growth 

mechanisms. 

At fine scales, sialoliths showed alternating mineralized/organic bands and soft organic 

globules dispersed in a mineralized hard matrix. The precipitation patterns observed in 

banded structures are compatible with a Liesegang–Ostwald phenomenon, whereas the 

globular structures are compatible with a surface tension effect. 

Sialoliths can be considered biocomposites with a major organic fraction (~65 vol. %), 

having density of ~1.2 g/cm3. The mineral fraction presents a density of ~2.8 g/cm3, and is 

composed of a mixture of finely dispersed mineral crystals of magnesium-substituted, 

calcium-deficient, type-B carbonated hydroxyapatite (89 vol. %) and sub-stoichiometric Mg-

whitlockite (11 vol. %). 

The mineral density and distribution of organic matter in sialoliths was inferred from CT 

data and it has been proposed that X-ray computed tomography can be used to evaluate the 

degree of mineralization of sialoliths in a pre-therapeutic context for larger specimens. 

The mechanical behaviour of sialoliths depends strongly on the fraction of organic matter, 

due to the apparent low viscosity and ductile nature of the organic gel. Fragmentation 

induced by ultrasonic waves and pneumoballistic impacts target preferentially the 

mineralized material leaving the organic matter largely unaffected, whereas shock waves 
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promote dissolution of the organic fraction and flow of the unsupported mineralized material. 

The flow patterns observed suggests that fluid mechanics is required for a correct evaluation 

of shock wave lithotripsy efficiency. Laser ablation destroys homogeneously the irradiated 

zones regardless of the mineralized/organic nature of the underlying ultrastructure but causes 

less extensive damage. Therefore, mechanical methods are best suited for comminution of 

large sialoliths, whereas laser ablation can be useful for precise drilling/dusting of small 

sialoliths or fragments generated by other lithotripsy techniques. 

Future work can be expected to focus on establishing quantitative correlations between the 

calculi structure/composition with the calculi mechanical and rheological behaviour, to 

identify the key features behind the damage extension for each of the mechanical lithotripsy 

methods. Moreover, the detailed evaluation of the rheological behaviour of the mineralized 

and organic gels, by atomic force microscopy and fractal analysis, offers a deeper insight into 

the mechanisms governing the external shock wave lithotripsy damage. 

The comprehensive information gathered by advanced characterization techniques can 

then be employed to model the fracture behaviour and determine specimen-tailored 

operational lithotripsy parameters that would increase the efficiency of sialolith 

comminution. 

  

 

 

 


