
 

Aus der Poliklinik für Zahnärztliche Prothetik 

des Zentrums für Zahn-, Mund- und Kiefergesundheit 

der Universität Würzburg 

Direktor: Professor Dr. med. dent. Marc Schmitter 

 

Basic Dental Analytical Tools for a Comparative Study 

of Applied Photoacoustics, 

Cone-Beam Computed Tomography, 

and Micro-Computed Tomography 

 

Inauguraldissertation 

zur Erlangung der Doktorwürde 

der Medizinischen Fakultät 

der Julius-Maximilians-Universität Würzburg 

 

vorgelegt von 

Sonja Jasmin Maria Schneider 

aus Tübingen 

 

Würzburg, Dezember 2020 

  



Referentenblatt 

 

Referent: Prof. Dr. Marc Schmitter 

Korreferent: Prof. Dr. Ulrich Schlagenhauf 

Dekan: Prof. Dr. Matthias Frosch 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tag der mündlichen Prüfung: 

24.5.2022 

Die Promovendin ist Zahnärztin 

  



 

 

To my parents 

  



Contents 

1 Introduction ................................................................................................. 1 

1.1 Structure of Teeth ................................................................................ 4 

1.1.1 Enamel ........................................................................................... 5 

1.1.1.1 Chemical Structure ................................................................... 5 

1.1.1.2 Histological Structure ............................................................... 5 

1.1.2 Dentin ............................................................................................. 6 

1.1.2.1 Chemical Structure ................................................................... 6 

1.1.2.2 Histological Structure ............................................................... 6 

1.1.3 Pulp ................................................................................................ 7 

1.1.4 Optical Properties of Dentin and Enamel ........................................ 8 

1.1.4.1 Refractive Index ....................................................................... 8 

1.1.4.1.1 Refractive Index of Enamel ................................................. 9 

1.1.4.1.2 Refractive Index of Dentin ................................................... 9 

1.1.5 Acoustic Properties of Dentin and Enamel ..................................... 9 

1.2 State-of-the-Art Imaging Techniques ................................................. 10 

1.2.1 Ionizing Imaging Techniques ........................................................ 11 

1.2.1.1 Computed Tomography (CT) ................................................. 11 

1.2.1.2 Cone-Beam Computed Tomography (CBCT) ........................ 12 

1.2.2 Non-Ionizing Imaging Techniques ................................................ 12 

1.2.2.1 Ultrasound (US) ..................................................................... 13 

1.2.2.2 Magnetic Resonance Imaging (MRI) ...................................... 14 

1.2.2.3 Optical Coherence Tomography (OCT) ................................. 15 

1.2.2.4 Photoacoustic Tomography (PAT) ......................................... 15 

1.3 Aim of the Present Study: Hypothesis ................................................ 19 

2 Materials and Methods .............................................................................. 21 



2.1 Preliminary Experiments .................................................................... 21 

2.1.1 Teeth ............................................................................................ 21 

2.1.2 Experimental Setup: Micro-Computed Tomography (µ-CT) .......... 21 

2.1.3 Experimental Setup: Photoacoustic Tomography (PAT) ............... 24 

2.1.4 Results of the Preliminary Experiment .......................................... 27 

2.2 Experimental Setup of the Main Study ............................................... 27 

2.2.1 Teeth ............................................................................................ 27 

2.2.2 Experimental Setup: Micro-Computed Tomography (µ-CT) .......... 27 

2.2.3 Experimental Setup: Cone-Beam Computed Tomography (CBCT)

 28 

2.2.4 Experimental Setup: Photoacoustic Tomography (PAT) ............... 30 

2.2.5 Data Analysis ................................................................................ 32 

2.2.6 Statistical Evaluation ..................................................................... 37 

2.2.6.1 Frequency Distribution ........................................................... 37 

2.2.6.2 Significance Test .................................................................... 37 

3 Results ...................................................................................................... 38 

3.1 Total Volume Comparisons: Micro-Computed Tomography vs. Cone-

Beam Computed Tomography vs. Photoacoustic Tomography (µ-CT vs. 

CBCT vs. PAT) ............................................................................................. 38 

3.1.1 Micro-Computed Tomography vs. Photoacoustic Tomography .... 39 

(µ-CT vs. PAT) ....................................................................................... 39 

3.1.2 Micro-Computed Tomography vs. Cone-Beam Computed 

Tomography (µ-CT vs. CBCT) .................................................................. 40 

3.1.3 Photoacoustic Tomography vs. Cone-Beam Computed 

Tomography (PAT vs. CBCT) ................................................................... 41 



3.2 Surface and Volume Deviations: Micro-Computed Tomography (µ-CT) 

vs. Cone-Beam Computed Tomography (CBCT) vs. Photoacoustic 

Tomography (PAT) ....................................................................................... 42 

3.2.1 Photoacoustic Tomography vs. Micro-Computed Tomography (PAT 

vs. µ-CT) ................................................................................................... 46 

3.2.2 Cone-Beam Computed Tomography vs. Micro-Computed 

Tomography (CBCT vs. µ-CT) .................................................................. 46 

3.2.3 Photoacoustic Tomography vs. Cone-Beam Computed 

Tomography (PAT vs. CBCT) ................................................................... 47 

4 Discussion ................................................................................................. 48 

4.1 Accuracy of PAT ................................................................................ 49 

4.2 PAT for Daily Clinical Practice in Dentistry ......................................... 50 

4.3 PAT Compared With Other Non-Ionizing Imaging Techniques .......... 51 

4.3.1 Ultrasound .................................................................................... 51 

4.3.2 MRI ............................................................................................... 51 

4.3.3 OCT .............................................................................................. 52 

4.4 PAT for Daily Clinical Practice in Other Medical Applications ............ 52 

4.4.1 Brain Imaging................................................................................ 52 

4.4.2 Thyroid Imaging ............................................................................ 52 

4.4.3 Breast Imaging.............................................................................. 53 

4.4.4 Dermatological Imaging ................................................................ 53 

4.5 Outlook for PAT in Daily Clinical Practice .......................................... 54 

4.6 Study Limitations ................................................................................ 54 

5 Summary ................................................................................................... 55 

6 Appendix ................................................................................................... 57 

6.1 Materials ............................................................................................ 57 

6.1.1 Equipment .................................................................................... 57 



6.1.2 Consumables ................................................................................ 57 

6.1.3 Solutions ....................................................................................... 58 

6.1.4 Software ....................................................................................... 59 

6.2 Reference List .................................................................................... 60 

6.3 Scientific Publications of the Pilot Study ............................................ 70 

6.3.1 Poster Presentation in Rostock (Germany) 2019.......................... 70 

6.3.2 Oral Presentation in Vancouver (Canada) 2019 ........................... 71 

6.4 Ethics Committee Vote ....................................................................... 72 

6.5 Informed Consent Form and Patient Information for Extracted Teeth 73 

6.6 Acknowledgments ................................................................................ 1 

6.7 Curriculum Vitae................................................................................... 3 

 

  



List of Abbreviations 

 

µ-CT Micro-Computed Tomography 

µSv Microsievert 

ALARA As Low As Reasonably Achievable 

CBCT Cone-Beam Computed Tomography 

Fig. Figure 

HU Hounsfield Unit 

IQR Interquartile Range 

m/s Meter/Second 

MHz Megahertz 

MRayl MKS Rayl 

MRI Magnetic Resonance Imaging 

MSOT Multispectral Optoacoustic Tomography 

mSv Millisievert 

PAT Photoacoustic Tomography 

PETG Polyethylene Terephthalate 

Q1 First Quartile 

Q3 Third Quartile 

RSA Root Surface Area 

RSD Root Surface Deviation 

SD Standard Deviation 

TIFF Tagged Image File Format  

US Ultrasound 

VD Volume Deviation 

Vol% Percent by Volume 

vs. Versus 

 

 



1. Introduction 
 

 1  
 

1 Introduction 

 

Conventional imaging modalities in general dental practice include numerous 

radiographic techniques for the diagnosis of several pathologies affecting the 

teeth and bones of the maxillofacial region [1]. However, conventional dental 

imaging techniques (single-tooth radiographs or panoramic imaging [2]) have two 

major disadvantages: interposition of anatomical parts and poor detail on images 

(due to under/overexposure [3]). To overcome these limitations, the three-

dimensional reconstruction of teeth in dentistry has gained fundamental 

importance in the last two decades [4]. Nowadays, several imaging devices are 

available in dentistry to create three-dimensional reconstructions [5]. However, 

the imaging techniques commonly used in dental practice to create three-

dimensional images are still based on x-rays. Although these techniques can 

overcome the interposition of anatomical parts and poor detail on images, ionizing 

radiation still poses a severe problem due to its ability to cause temporary and 

permanent tissue damage [6]–[11]. 

  The frequency of radiological examinations in dentistry compared with in 

other medical disciplines in Germany is shown in Fig. 1. This figure illustrates 

that, at 42%, dentistry accounts for the biggest share of x-ray images taken in 

everyday clinical practice [12].  
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Fig. 1. Percentage share of different radiological examinations with regard to 

overall frequency. In Germany, x-rays are most frequently used in dentistry. 

With permission from BfS (Bundesamt für Strahlenschutz, 2020) [13]. 

 

 Although x-rays have many useful applications, their potential risks must 

be taken into consideration. X-rays can cause the ionization of water molecules, 

creating hydroxyl radicals that can interact with deoxyribonucleic acid (DNA), 

causing strand breaks or base damage. DNA can also be ionized directly. This 

can result in point mutations, chromosome translocations, and gene fusion, 

which are linked to cancer induction [6], [7]. 

 In Europe, the “ALARA principle” (“As Low As Reasonably Achievable”) 

has general validity in clinical practice. This means that the least possible 

radiation exposure must be applied to gain the maximum imaging resolution 

[14]. 

 In Germany, the Federal Law Gazette stipulates that every time an x-ray 

is taken, the benefit must outweigh the risk and the procedure must be justified 

and documented [15]. 
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 Based on these regulations, the use of diagnostic x-rays in children and 

pregnant or lactating women is strictly limited [16]. 

 To avoid ionizing radiation exposure during medical imaging, several 

non-invasive modalities for creating three-dimensional images have been 

introduced: 

 

- magnetic resonance imaging (MRI) based on magnetism [17],  

- ultrasound (US) based on sound [18], and  

- optical coherence tomography (OCT) based on light [19]. 

 

  These techniques have the advantage of utilizing non-ionizing radiation. 

In addition, although these methods are better suited to visualizing soft tissue, 

they are increasingly being used for hard tissue as well [20]–[22].  

 Photoacoustic tomography (PAT) is a very innovative and promising 

imaging technique. It is based on sound and non-ionizing light in the near-

infrared range. This combination of light and sound ensures a higher scalability 

of spatial resolution and depth penetration, due to the fact that acoustic waves 

are less scattered in tissue than photons are. This emerging technique has been 

tested on a variety of different biological tissues in several diseases (e.g. breast 

cancer, atherosclerosis). Most of these applications exploit endogenous 

chromophores such as hemoglobin, melanin, and lipids, which possess specific 

absorption spectra. The identification of additional absorption spectra would 

enable the clinical applications of PAT to be extended [23]. 

 Regarding the current state of the art, PAT can be used to examine soft 

tissue in the human body by applying wavelengths of between 650 and 900 nm 

[24]. To apply PAT in dentistry, it would be beneficial if this technique could also 

depict hard tissues, such as dentin. To be able to do so, however, it is essential 

to know details about the individual absorption spectrum of the tissue in question, 

which depends on its composition. The following sections therefore give an 

overview of the structure of human teeth, with a focus on the optical properties of 

the different tissues of the teeth.  
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1.1 Structure of Teeth 

 

Each human tooth can be divided into four parts: enamel, dentin, cementum, and 

pulp (Fig. 2). 

 The main mass of the tooth consists of dentin [25], which is covered by 

enamel in the upper area [26] and by a thin layer of cementum in the cervical 

area [27]. The pulp is located in the center of the tooth [28]. 

 

 

Fig. 2. Schematic drawing of a tooth. The tooth can be divided into enamel, dentin, 

cementum, and pulp. 
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1.1.1 Enamel 

 

1.1.1.1 Chemical Structure  

 

During tooth development, preameloblasts are converted into ameloblasts and 

start to deposit enamel matrix [29]. This enamel matrix starts to calcify in rhythmic 

phases, forming calcium phosphate crystals. The gaps between the individual 

crystals remain as micro-porosities in the enamel matrix. After the tooth erupts, 

these little porosities are largely balanced by the uptake of calcium and 

phosphate from the saliva accompanied by the simultaneous loss of water [30]. 

The mineral content by volume of initially deposited enamel is 25-30% [31]. 

During enamel maturation, the mineral content increases to 86%, thus 

representing the biggest share of the enamel, followed by the water content 

(12%) and the organic matrix (2%) [32]. 

 The water within the enamel matrix is either linked to crystallites or loosely 

embedded in the organic matrix. The small amount of organic matrix is made up 

of soluble and insoluble proteins that contain amino acids such as glutamine, 

leucine, glycine, and serine. The inorganic content is dominated by phosphorus 

and calcium, which is formed in the shape of a hydroxyapatite with the chemical 

formula Ca10(PO4)6(OH2) [32].  

 

1.1.1.2 Histological Structure 

 

Enamel is the hardest and stiffest tissue of the human body. These outstanding 

mechanical properties are the result of the unique hierarchical microstructure of 

the enamel, enabling the tooth to withstand everyday mechanical stress [29].  

 To understand the optical properties of enamel, it is necessary to have a 

closer look at its histological structure. According to He [29], the rod unit is “…the 

most important level in understanding the microstructure and function of enamel.” 
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 The mineral content consists of calcium phosphate crystallites. These 

crystallites form hexagonal sticks with dimensions of 25 × 40 × 160 nm, thus 

making them larger than the crystallite prisms of bone, dentin, or cementum [34]. 

 The prisms (rods) are oriented nearly perpendicular to the surface of the 

tooth and are connected to each other, influencing the optical properties of the 

enamel (see 1.1.4) [35]. 

 With respect to the optical axis of the enamel, the findings in the literature 

are inconsistent. In 1982 Schroeder claimed that one optical axis exists, which is 

parallel to the long axis of the prisms [34], whereas Duplain (1987) claimed that 

the optical axis (c-axis) of the hydroxyapatite crystals can be divided into two 

subgroups, “...one with their c-axis parallel to the long axis of the tooth and the 

other with their c-axis perpendicular to the long axis of the tooth as well as the 

surface” [35].  

 However, by 1965 Meckel, Griebstein, and Neal had already discovered 

that enamel prisms have a “keyhole shape” in cross-section [36]. Today a 

distinction is made among “keyhole,” “horseshoe,” and “cylindrical” prisms [37]. 

 

1.1.2 Dentin 

 

1.1.2.1 Chemical Structure  

 

The organic matrix of dentin accounts for 30% of its structure. Dentin has a 

relatively low mineral content (45%) that mostly consists of calcium and 

phosphorus. Its water content is approximately 25% [38].  

 

1.1.2.2 Histological Structure 

 

Starting from the outermost layer, dentin can be divided into mantle dentin, 

circumpulpal dentin, and predentin [39]. 

 

 Mantle dentin has a thickness of approximately 80–100 µm and is located 

immediately below the enamel–dentin border. Circumpulpal dentin is located 
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below the mantle dentin and comprises the largest portion of the dentin. Predentin 

is directly bonded to the circumpulpal dentin [36]. In mature dentin, the Tomes’ 

fibers are surrounded by peritubular dentin. The matrix between the peritubular 

dentin is called intertubular dentin [38]. 

 Moving from the periphery of the dentin toward the pulp chamber, the layer 

thickness of dentin changes, and the number and size of the dentin tubules also 

change. Close to the pulp, the density of tubules is high and lies between 30 000 

and 50 000/mm2. Approaching the enamel–dentin border, the density of tubules 

decreases, ranging between 10 000 and 25 000/mm2 [36], [40]. These tubules 

have an important impact on the optical properties of dentin (see 1.1.4).  

 In their study, Zolotarev and Grisimov demonstrated that horizontal 

sections of molars exhibit the optical properties of an object composed of 

numerous uniaxial crystals with different optical axes. In addition, it was shown 

that the dentin in the center parts of the section behaves like an uniaxial crystal 

[41]. 

 With respect to absorption and scattering coefficients, Zijp showed that 

absorption and scattering have their maximum coefficient at  400 nm. However, 

both absorption and scattering coefficients depend on the position of the dentin 

within the tooth [42].  

 

1.1.3 Pulp 

 

The pulp is located in the center of the tooth and consists of a neurovascular 

bundle [28]. Several types of cells can be found in the pulp, including fibroblasts, 

odontoblasts, histiocytes, and macrophages. These cells are responsible for the 

vitality and reactivity of the tooth. However, the pulp also contains undifferentiated 

cells, whose natural function lies in the production of odontoblasts. Thus, these 

cells preserve the ability of the pulp to self-renew [43].  

 Whereas the configuration of the crown of certain tooth types shows little 

variation, the configuration of the root shows numerous variations [36]. The root 

canal system and apical region, in particular, can vary greatly between individuals 
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[43]. For this reason, x-ray based imaging techniques are used before endodontic 

treatment, for example.  

 The nutritive function of the tooth is ensured by a blood vessel system and 

innervation. However, blood circulation in the pulp adapts very poorly to high 

temperatures above 40°C, resulting in damage to the cells or even cell death [43]. 

This is important to keep in mind, because PAT causes a temperature increase 

in the tissue being examined [44].  

 

1.1.4 Optical Properties of Dentin and Enamel 

 

Because light plays a key role in photoacoustic tomography, basic knowledge of 

the light-conducting properties of materials is required. 

 

1.1.4.1 Refractive Index 

 

The refractive index is used to characterize the optical properties of materials. 

The refractive index “n” is dimensionless and describes the ratio of lightspeed in 

a vacuum in relation to the lightspeed in a material/tissue. Consequently, the 

refractive index describes the degree to which a ray of light bends when passing 

from one medium into another. To calculate the refractive index, the angle of 

incidence of a ray in a vacuum (i) is set in relation to the angle of refraction (r) 

[45]. 

 To enable comparisons between the optical properties of different media, 

the refractive index in a vacuum is set to n=1, whereas water has a refractive 

index of n=1.33 [45]–[47]. 

 The refractive index of the tooth changes within its different layers (e.g. 

enamel, dentin, pulp) and decreases from the enamel to the pulp, proportional to 

the density of the tissue. In addition to density, the orientation of the crystalline 

structures affects the optical properties of the tooth (see 1.1.1. and 1.1.2) [48]. 
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1.1.4.1.1 Refractive Index of Enamel 

 

Spitzer and Ten Bosch [49] determined the transmission and reflectance of thin 

slabs of bovine and human tooth enamel in 1975. Regarding the refractive index 

of the different slabs, no significant differences could be found. They verified the 

refractive index of both types of enamel to be approximately 1.625 in the visible 

spectrum of light, whereas the refractive index at a wavelength of 220 nm was 

approximately 1.725. 

 The light absorption spectrum of human enamel is also important. The 

maximum absorption spectrum appears to have a range between 235 nm and 

270 nm [49]. 

 

1.1.4.1.2 Refractive Index of Dentin 

 

Compared with the refractive index of enamel, the refractive index of dentin is 

closer to 1. However, the refractive indices of dentin differ between its various 

layers, according to their composition (see 1.1.2). Peritubular dentin has the 

highest value (1.59). This can be explained by the high mineral content of 

peritubular dentin. Tubules, in contrast, do not contain any minerals; therefore, 

their refractive index (1.33) is lower than that of peritubular dentin. Averaging the 

refractive indices for all dentin layers results in a refractive index of 1.49 [26]. 

 

1.1.5 Acoustic Properties of Dentin and Enamel 

 

Acoustics play an important role in PAT. Consequently, a basic understanding of 

the acoustic properties of dental tissue is needed. 

 The photoacoustic effect is an energy-transforming process whereby 

intensity-modulated optical radiation is transformed into acoustic waves [50].  

 Barber, Lees, and Lobene [51] were the first to assess the acoustic 

properties of human teeth in 1969. In their study, an ultrasonic pulse-echo system 

was successfully applied to detect the dentin–enamel junction and dentin–pulp 

interface. This was achieved by measuring the velocity of sound for Iongitudinal 
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waves in intact human teeth. A longitudinal sound velocity of 6250 m/s in enamel 

and 3800 m/s in dentin was found for human incisors. 

 In 2002, Ghorayeb [21] determined the acoustic properties of teeth by 

using a non-invasive ultrasound system. In that study, teeth were ground to an 

almost flat surface, fixed in a plexiglass holder, and immersed in water in order 

to analyze their acoustic properties.  

 The longitudinal sound velocity was found to be 6250 m/s in enamel, 3800 

m/s in dentin, and 1570 m/s in the pulp, confirming the values for enamel and 

dentin presented by Barber, Lees, and Lobene [51] in 1969.  

 Interestingly, acoustic impedance decreased, in accordance with 

longitudinal sound velocity, from the enamel (18.75 MRayls) to the pulp (1.57 

MRayls) [21].  

 

1.2 State-of-the-Art Imaging Techniques 

 

Most imaging techniques used in daily clinical dental practice are based on x-

rays. Imaging approaches typically include simple x-ray devices that are used to 

create two-dimensional radiographs, but also sophisticated imaging techniques, 

such as cone-beam computed tomography (CBCT), which is used to create 

complex three-dimensional images [1]. 

 To provide an overview of the complex issue of ionizing imaging 

techniques, the following sections of the current chapter explain the basics of 

CBCT and micro-computed tomography (µ-CT). The next chapter, “Materials and 

Methods,” provides a more detailed description of the CBCT and µ-CT set-ups 

used in this thesis.  

 At the end of the current chapter, descriptions are given of the most 

common non-ionizing imaging techniques, such as magnetic resonance imaging 

(MRI), ultrasound (US), and optical coherence tomography (OCT). 
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1.2.1 Ionizing Imaging Techniques  

 

The history of ionizing imaging techniques started on November 8, 1895 in 

Wuerzburg, Germany. On this day, Wilhelm Conrad Roentgen discovered the 

illumination of a barium–platinum fluorescence screen even though it was 

covered by a lightproof box. He investigated the radiation and, after weeks of 

examination, in January 1896 published the physical characteristics of the 

radiation under the name “x-rays,” thereby establishing the basis for new imaging 

techniques. A few months after this discovery, the first ionizing imaging devices 

were already in use [52].  

X-rays are electromagnetic waves with wavelengths ranging from 10-8 m 

to 10-12 m [53]. To generate x-rays, a tube is used to speed up and slow down 

electrons. This x-ray tube consists of a cathode and an anode that face each 

other. Both are incorporated in a vacuum glass cylinder. A high voltage is 

generated between the cathode and the anode, speeding up the electrons that 

are issued from the cathode. The moment the accelerated electrons collide with 

the anode, they instantly slow down. This sudden change of speed leads to the 

release of thermal energy and x-rays. The x-rays are directed onto the research 

object, resulting in an interaction between the research object and x-rays. The 

energy of the x-rays is transmitted to the research object and thereby weakened. 

The modified x-rays then hit a conventional x-ray film or detector [54], [55].  

 

1.2.1.1 Computed Tomography (CT) 

 

CT was established in medicine in the 1950s, enabling the creation of three-

dimensional images [56].  

To produce tomographic images, a computer-processed combination of 

multiple radiographs are taken from different angles. The general basis for the 

reconstruction of the images is the “Radon transformation,” which was published 

in 1917 by Johan Radon [56]. 

The spatial resolution of a three-dimensional image largely depends on the 

positioning of the patient [57]. If the patient does not move during image 
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acquisition, spatial resolutions of up to 0.3 mm can be achieved. However, the 

higher the spatial resolution, the greater the radiation exposure for the patient. 

Therefore, a step size (distance between one picture to the next) between 1 and 

5 mm is usually chosen [58]. On average, the patient is exposed to a radiation 

load of 788 µSv [4]. By comparison, the natural radiation exposure per year is 

approximately 2.1 mSv [59]. 

To reach a higher spatial resolution, µ-CT can be used. µ-CT-images can 

reach a spatial resolution of 1–100 µm. This makes µ-CT especially suitable for 

examinations in the biomedical sciences sector, but also in basic medical and 

dental research [60].  

 

1.2.1.2 Cone-Beam Computed Tomography (CBCT) 

 

CBCT entered the European dental market in 1996 [61]. Compared with CT, 

CBCT has a big advantage in terms of radiation exposure, which ranges from 

100 to 150 µSV. Thus, the potential risk of tissue damage in patients is 

significantly reduced compared with CT. For this reason, CBCT is used in many 

dental sectors and has almost replaced CT in dentistry [62].  

 This imaging technique creates pictures with a spatial resolution of up to 

75 µm. Similar to CT, the spatial resolution of CBCT can be adversely affected 

by any type of metal or patient movement during image acquisition [63]. 

 

1.2.2 Non-Ionizing Imaging Techniques 

 

Ultrasound (US), magnetic resonance imaging (MRI), optical coherence 

tomography (OCT), and photoacoustic tomography (PAT) are non-invasive 

imaging modalities that do not utilize ionizing radiation. These modalities are 

described in the following sections, in order of their chronological discovery [17], 

[18], [23], [64]. 
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1.2.2.1 Ultrasound (US) 

 

Ultrasound is a low-cost and non-invasive imaging method that is based on 

sound. The history of US starts in 1875. At this time, Robert Hooke foresaw the 

use of sound for diagnostic purposes when he wrote (Tyndall, 1875): “… It may 

be possible to discover the motions of the internal parts of bodies, weather 

animal, vegetable, or mineral, by the sound they make …” [65]. 

 Although US was used in the early 1900s in technical settings, the first 

medical devices were developed in the late 1920s. As a result, US physiotherapy 

became popular in the 1930s. In the following years, US applications were 

developed further, and nowadays this technique is successfully used in several 

medical disciplines [66]. 

 To create three-dimensional images, most US devices generate 

ultrasound frequencies between 1 and 15 MHz. The transmitted pulse infuses the 

region of interest until it encounters an “acoustic” interface. Right at that moment, 

one part of the pulse is absorbed while the other part is reflected back. Once the 

reflected pulse hits a transducer, the magnitude of voltage and time needed for 

the echo to come back is measured. Based on these pieces of information, the 

location of the acoustic interface can be reconstructed. Furthermore, the speed 

of the sound provides information about the density of the tissue. By matching 

the various voltage magnitudes to a certain brightness level, an image can be 

reconstructed [18]. 

 The spatial resolution of US images depends on the wavelength of the 

sound that was used to generate the image. For example, a resolution of 0.3 mm 

can be achieved if the US beam has a wavelength of 5 MHz [67]. 

 The penetration depth of US in general is affected by receiver gain; output 

power; frequency and efficiency of the transducer; and signal processing within 

the US machine [67]. The penetration of US devices is especially limited by the 

available frequencies [68], which range from 1 to 15 MHz [18]. Further limitations 

are imposed by the acoustic noise of the reflected pulse, which is often weaker 

than the sound within the image and therefore cannot be detected (e.g. in blood 

vessels).  



1. Introduction 
 

 14  
 

 However, the quality of the image is not only affected by adjustable factors, 

but also by factors that cannot be influenced, such as artifacts. Common artifacts 

are “acoustic shadows” or “refraction artifacts.” An “acoustic shadow” occurs 

when the sound energy transmitted beyond the region of interest is too weak to 

generate a detectable echo signal. “Refraction artifacts” occur when the 

transmitted sound or reflected echo is bent at a boundary between tissues [18]. 

 

1.2.2.2 Magnetic Resonance Imaging (MRI)  

 

MRI is a non-invasive imaging technique that uses non-ionizing radiation. Like 

CT and CBCT, MRI can generate three-dimensional images.  

 To create a three-dimensional MRI image, a strong external magnetic field 

is generated to influence the nuclear spin (of hydrogen), resulting in a modified 

rotation of the nuclei at a certain frequency, the so-called “Larmor frequency.” 

Once all nuclei are at the Larmor frequency, a second magnetic field 

perpendicular to the original magnetic field is turned on. This magnetic field has 

the same frequency as the Larmor frequency of the nuclei. The nuclei therefore 

start to tilt in another direction. Once the second magnetic field is turned off again, 

the nuclei start to tilt back in their original direction (nuclear magnetic resonance). 

Depending on the tissue type, the nuclei need different amounts of time to tilt 

back and thereby generate a signal. The intensity of the signals is recorded and 

afterwards reconstructed by a computer. The result is a grayscale three-

dimensional image.  

 Both hard and soft issues can be imaged using MRI, which is an important 

advantage of this technique [17]. For this reason, MRI is often used in dentistry 

to examine changes to the cartilage structure of the temporomandibular joint or 

to find the cause of limitations in jaw opening. [4], [14], [69]–[71]. However, MRI 

also has other applications in dentistry; for example, it can be used to image 

human teeth and maxillofacial bones [72]. 

 MRI images can also be affected by artifacts. Patient movement [22], 

artifacts caused by dental filling materials [72], problems with hardware (e.g. 
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inhomogeneous magnetic fields), and inaccurate data processing (e.g. objects 

that are smaller than the size of voxels) can reduce the quality of images [73].  

 

1.2.2.3 Optical Coherence Tomography (OCT) 

 

OCT is a non-invasive medical imaging technique that uses light [19], [74]. OCT 

was developed in 1991, and it took five years until the first commercial OCT 

device was launched [19], [64]. 

 To generate an OCT image, a low-coherence light beam (whose 

wavelength is close to the wavelength of infrared) is split into two equal rays. One 

ray is focused on the tissue of interest, and the other is pointed at a reference 

mirror. The two backscattered rays of light are recombined, resulting in a 

phenomenon called “interference.” The interference can be measured by a 

photodetector receiver, and an image can be reconstructed based on these data. 

[75].  

 By applying this imaging technique in vitro, it is possible to generate two-

dimensional images with a spatial resolution in the range of 1 µm to 15 µm [20]. 

The major shortcoming of OCT is its limited penetration depth, which lags behind 

that of CT, MRI, and US. If a suitable wavelength is chosen, a penetration depth 

of 1–2 mm can be reached [76]. A wavelength of 830 nm can acquire images of 

the human skin with a penetration depth of 0.5–1.5 mm [77]. 

 However, OCT is not free of artifacts: curved and discontinuous surfaces 

can result in distorted, poor-quality images [78].  

 

1.2.2.4 Photoacoustic Tomography (PAT) 

 

PAT or optoacoustic tomography is one of the latest imaging techniques. It 

combines the advantages of US and OCT by emitting light to receive sound 

waves. This effect is called the photoacoustic effect, and was discovered in 1880 

by Alexander Graham Bell [79]. He noted that chopped sunlight creates a sound 

once it hits an optical absorbing material. Approximately 100 years after his 

discovery, it was possible to examine gases and solids by using this technique. 
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In 1994, the first method for the examination of biological tissues using PAT was 

presented [80]. 

 Nowadays, it is possible to create three-dimensional images in real time 

using modern photoacoustic tomographs. To create photoacoustic images, non-

ionizing, red-shifted, nanosecond-long pulsed laser light is pointed at the tissue 

of interest [23] (Fig. 3). 

 

 

Fig. 3. Electromagnetic spectrum. The electromagnetic spectrum is the total of all 

electromagnetic waves with frequencies from below one hertz to above 1025 hertz. The 

light spectrum is the part of the electromagnetic spectrum that is visible to humans. 

With permission from ACS Publications – Verhoeven et al. (2017), Brose et al. (2011) 

[81], [82]. 

 

 The wavelength of visible red light ranges from 650 nm [83] to 780 nm [82]. 

Infrared light, which is invisible to humans, can be divided into IR-A light (780–

1400 nm), IR-B light (1400–3000 nm), and IR-C light (3000 nm–1 mm). [82]. Most 

photoacoustic devices use wavelengths of 660–1300 nm for in-vitro imaging and 

650–980 nm for in-vivo imaging [84] (Fig. 4). 

WAVELENGTH (METERS) 
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Fig. 4. Extinction coefficient values of water and oxy- and deoxy-hemoglobin. The 

optical window used for in-vivo imaging ranges from 650 nm to 900 nm. Here, 

maximum tissue penetration can be reached due to minimal absorbance and 

autofluorescence of chromophores. Ultraviolet light can cause direct tissue damage. 

Blue-green light has poor tissue penetration and therefore can only be used for surface 

imaging or small-animal imaging. With permission from ACS Publications – Kobayashi 

et al. (2010) [24]. 

 

 Light with a wavelength shorter than 650 nm is not suitable for imaging for 

several reasons. Ultraviolet light can cause direct tissue damage. Blue-green light 

has poor tissue penetration and can therefore only be used for surface imaging 

or small-animal imaging. Use of yellow or red light with a wavelength of 600 nm 

leads to increased absorption of a large proportion of naturally occurring 

endogenous fluorophores.  

 Thus, wavelengths in the near-infrared range combine several positive 

properties: good tissue penetration, low autofluorescence, and the ability to 

generate the heat necessary to create pressure waves without causing damage 

to the tissue [24]. 
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 Once the tissue of interest has been penetrated by a pulsed, nanosecond-

long, red-shifted laser beam, the light is absorbed by endogeneous 

chromophores, such as hemoglobin, melanin, water, and lipids (Fig. 5). The 

absorbed light is converted into thermal energy, resulting in local heating of the 

tissue. The localized heating results in a thermoelastic expansion, which causes 

the emission of pressure waves (ultrasound). These pressure waves can be 

detected by an array of multiple broadband ultrasonic transducers and are 

converted into high-resolution images [23], [85]. 

 

        1        -           2         -          3          -           4                 -                5 

 

Fig. 5. Principle of photoacoustic tomography. (1) Red-shifted light hits the tissue of 

interest and is absorbed by endogenous chromophores such as hemoglobin, melanin, 

water, and lipids. (2) The absorbed light is converted into thermal energy, resulting in 

local heating. The localized heating leads to thermoelastic expansion, which causes 

(3) the emission of pressure waves (ultrasound). (4) These pressure waves create a 

sound that can be detected by an array of multiple broadband ultrasonic transducers 

(5), and the sound is converted into high-resolution images [23], [85].  

 

 Each chromophore has a different absorption spectrum, resulting in 

different light-absorption characteristics. Unfortunately, some tissue components 

share a very similar absorption spectrum, which makes it difficult to distinguish 

these tissues using PAT. In these cases, exogenous imaging agents can 

enhance the contrast, as shown in both in-vitro and in-vivo studies [23], [86]. 

Absorber 

Laser Beam 

Tissue 
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 Other relevant issues regarding PAT are the penetration depth of the light 

and the spatial resolution, which are both affected by similar factors: the acoustic 

center frequency, the bandwidth, and the aperture of the ultrasound detection 

system. The scattering of light is also a problem, because it prevents the light 

pulse from penetrating deep into the tissue [87]. Finally, penetration depth 

depends on the density of the tissue of interest. Penetration is much greater in 

soft tissue than in hard tissue [23]. Manohar et al., for example, achieved a 

maximum penetration depth of 60 mm in the female breast using a wavelength 

of 1064 nm [88].  

 

1.3 Aim of the Present Study: Hypothesis 

 

Dental imaging is a crucial tool for diagnosing several pathologies affecting the 

teeth and bones of the maxillofacial region. In the context of new treatment 

options, such as guided implant surgery and individual dental implants, three-

dimensional imaging has gained fundamental importance in dentistry and 

achieved remarkable therapeutic successes. However, the imaging techniques 

commonly used in dental practice to create three-dimensional images are still 

based on x-rays. Although these techniques can overcome the interposition of 

anatomical parts and poor detail on images, ionizing radiation still poses a severe 

problem due to its ability to cause temporary and permanent tissue damage. As 

mentioned, PAT is an innovative and promising alternative imaging technique 

that is based on red-shifted light and sound [23]. 

 The principal objective of this thesis was to assess the accuracy of PAT 

based on volume and surface deviations of mandibular teeth. This included the 

comparison of three-dimensional models of the teeth based on PAT with 

corresponding three-dimensional models based on µ-CT and CBCT. 

 In addition to assessing volume and surface deviations, this thesis sought 

to determine the best wavelength to acquire photoacoustic images of the teeth. 

 

The study had two specific objectives:  
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1. to determine the best wavelength to acquire photoacoustic images of the teeth 

2. to create three-dimensional models based on PAT and CBCT, and to compare 

them with models based on the reference imaging method µ-CT with respect 

to volume and surface deviations. 

 

The null hypotheses were that 

 

1. the total volume of human mandibular incisors assessed in vitro by using PAT 

and CBCT would not significantly differ from the total volume assessed by 

using µ-CT, and 

2. surface deviations between µ-CT–CBCT and µ-CT–PAT would not differ 

significantly. 
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2 Materials and Methods 

 

2.1  Preliminary Experiments  

 

2.1.1 Teeth 

 

Five extracted human, single-rooted teeth of the lower and upper jaw, comprising 

teeth #23, 32, 12, 44, and 42 (FDI World Dental Federation notation), were 

collected and cleaned with the aid of an ultrasonic scaler (SONICflex LUX 2000L, 

Germany). According to its shape, each tooth had a different size. After 

extraction, the teeth were stored for two days in a 1% chloramine-T solution at 

5ºC. The teeth were also anonymized, to prevent any individual tooth from being 

attributed to a specific patient. 

 This study was conducted in compliance with the Declaration of Helsinki, 

and the use of extracted human teeth was approved by the Medical Ethics 

Committee of the University of Wuerzburg (application number 15/15). All 

patients provided written informed consent. An example of the informed consent 

form can be found in the annex. 

 In the pilot study, µ-CT and PAT were used. CBCT was used in addition in 

the main study only. 

 

2.1.2 Experimental Setup: Micro-Computed Tomography (µ-CT) 

 

To acquire µ-CT images, teeth were scanned using a µ-CT device (MetRIC - 

Micro and Region of Interest CT, Fraunhofer IIS; Wuerzburg, Germany). The 

MetRIC can reach a spatial resolution of up to 2 µm and a magnification of up to 

630×. The setup for µ-CT acquisition is shown in Fig. 6 [89].  
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Fig. 6. MetRIC (Micro and Region of Interest CT). To create µ-CT images, teeth were 

scanned with the MetRIC. (a) Schematic image of the MetRIC. (b) Source of MetRIC. 

(c) Detector of MetRIC. With permission from the Institute for X-ray Microscopy, 

Fraunhofer IIS; Wuerzburg, Germany. 
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 To attach the teeth to the sample holder, each tooth was held in place with 

Oasis foam (Gravidus GmbH; Bremen, Germany) in a screw-capped centrifuge 

tube that was filled with 1% chloramine-T solution (Fig. 7). The µ-CT acquisition 

itself resulted in a stack of two-dimensional images of each tooth, which was 

saved in tagged image file format (TIFF). 

 

 

 

Fig. 7. Experimental setup for creating µ-CT images. Individual teeth were held in 

place with Oasis foam in a screw-capped centrifuge tube. The centrifuge tube was 

filled with 1% chloramine-T solution. 
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2.1.3 Experimental Setup: Photoacoustic Tomography (PAT) 

 

For the pilot study, the MSOT inVision 128 (Multispectral Optoacoustic 

Tomography, iThera Medical GmbH; Munich, Germany; Fig. 8) was used to 

acquire PAT images. The MSOT inVision 128 can reach a spatial resolution of 

up to 150 µm [84]. 

 

 

 

 

 

Fig. 8. MSOT inVision 128. (Left) The MSOT inVision 128 was used for the pilot study. 
(Right) For ultrasound detection, 128 toroidally focused ultrasound transducers organized 
in a concave array of 270-degree angular coverage were used. With permission from: 
https://www.ithera-medical.com/products/msot-invision/. 
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 The device has a tunable optical parametric oscillator pumped by an 

Nd:YAG laser and can thereby provide excitation pulses with a duration of 9 ns 

at wavelengths ranging from 680 nm to 980 nm. The repetition rate is 10 Hz with 

a wavelength tuning speed of 10 m/s. The peak pulse energy is 100 mJ at 730 

nm. Ten arms of a fiber bundle ensure the illumination of a ring-shaped light strip 

with a width of approximately 8 mm.  

 For ultrasound detection, 128 toroidally ultrasound transducers with a 

center frequency of 5 MHz (60% bandwidth) are used. These detectors are 

organized in a concave array of 270-degree angular coverage and a radius of 

curvature of 4 cm [84].  

 To generate PAT images, the MSOT inVision was filled with warm water 

(25ºC) and the step size (distance between one picture to the next) was set to 

0.3 mm. The individual tooth was held in place in a plastic film, which was 

attached to the holder. Water was used as coupling medium (Fig. 9a–b). 

 

Fig. 9a. Experimental setup to create the photoacoustic images of the preliminary 

experiment. The tooth was held in a place in a plastic film attached to the holder and 

covered with water. 
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Fig. 9b. Experimental setup to create the photoacoustic images of the preliminary 

experiment. Schematic drawing of the interior components of the MSOT inVision, 

including the plastic film holder. 

 

 After being fixed in place, teeth were scanned at wavelengths of 680–960 

nm, using 10 nm increments. PAT acquisition itself resulted in a stack of two-

dimensional images of each tooth, which were saved as a TIFF file. After data 

acquisition, the images were analyzed. The imaging quality of each wavelength 

was assessed and compared with that of the others, which allowed the best 

wavelength to be identified. Thus, the use of 680 nm resulted in the best image 

quality when acquiring photoacoustic images of extracted human mandibular 

incisors. 
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2.1.4 Results of the Preliminary Experiment 

 

For data analysis, the pilot study used the same approach as the main study 

(described in Chapter 2.2.5).  

 The average surface deviation between µ-CT and PAT imaging was 

determined to be 0.05±0.06 mm. The average volume deviation was determined 

to be 15.70±7.63%. 

 The size of the tooth affected the quality of the PAT, whereby image quality 

was better for smaller teeth than f larger ones. Consequently, mandibular incisors 

were used for the main study. 

 

2.2 Experimental Setup of the Main Study 

 

CBCT, µ-CT, and PAT were used in the main study.  

 Volumetric and surface accuracy was assessed, including calculation of 

minimum and maximum deviations.  

 

2.2.1 Teeth 

 

Ten intact and nine decayed extracted human, single-rooted incisors of the lower 

jaw were collected from patients with trauma or periodontitis. The selection of 

these teeth was based on the previous pilot study (Chapter 2.1).  

 After extraction, teeth were cleaned by means of an ultrasonic scaler 

(SONICflex LUX 2000L, KAVO; Biberach, Germany). Upon completion of 

cleaning, the teeth were stored for seven months in a 1% chloramine-T solution 

at 5ºC. 

 

2.2.2 Experimental Setup: Micro-Computed Tomography (µ-CT) 

 

The experimental setup for generating µ-CT images was the same as that used 

in the pilot study (Chapter 2.1).  
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2.2.3 Experimental Setup: Cone-Beam Computed Tomography (CBCT) 

 

For CBCT acquisition, the Orthophos XG 3D (Dentsply Sirona; York, PA, USA, 

Fig. 10) was used. The Orthophos XG 3D can reach a resolution of up to 80 µm 

[90]. 

 

 

 

Fig. 10. The Orthophos XG 3D (Dentsply Sirona; York, PA, USA).  

 

 Before CBCT imaging, teeth were fixed in place in a plastic holder (Fig. 

11). This holder was specifically designed for this study in the software “Cubify 

Design” (3D Systems; Rock Hill, USA) and printed with the “German RepRap 

X350” three-dimensional printer (ccd systems; Berlin, Germany) using 

polyethylene terephthalate (PETG). A sketch of the holder is shown in Fig. 11. 
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Fig. 11. Computer-aided design drawing of the plastic holder. The holder can be used 

to fix teeth in place for CBCT imaging. All dimensions are given in mm. R = radius. 

The drawing was designed in collaboration with another thesis supervised by Prof. Dr. 

Marc Schmitter. 
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Fig. 12. Experimental setup to create CBCT images. (Left) Overview image of the 

CBCT device and tripod. (Right) Detailed image of the tripod with plastic holder and 

teeth. 

 

 The holder was then placed on a tripod to achieve the right height (Fig. 

12). 

 For image acquisition, the image acquisition parameters were set to high 

definition (voxel size 160 µm; field of view Ø 8 × 8 cm). CBCT acquisition resulted 

in a stack of two-dimensional images of each tooth, which were saved as TIFF 

files. 

 

2.2.4 Experimental Setup: Photoacoustic Tomography (PAT)  

 

To improve the quality of the PAT images, some of the parameters applied in the 

pilot study were modified for the final study. 
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 First, the MSOT inVision 256-TF was used instead of the MSOT inVision 

128. The MSOT inVision 256-TF has twice as many detectors as the MSO 

inVision 128. Second, each tooth was embedded in a 20 ml plastic syringe, in a 

solution of 2% agarose with 1% lipofundin (Intralipid). The agarose was used to 

fix the tooth in a suitable position, and the lipofundin ensured better light 

scattering.  

 Fig. 13a shows how the tooth was fixed in the agarose and lipofundin 

mixture. Fig. 13b shows the MSOT inVision holder. A schematic drawing of the 

components of the MSOT is shown in Fig. 13c. 

 For PAT imaging, the MSOT inVision was filled with warm water (25ºC), 

and the step size (distance between one picture to the next) was set to 0.3 mm. 

The imaging itself resulted in a stack of two-dimensional images of each tooth, 

and each image was saved as a TIFF file. 
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Fig. 13. Experimental setup for PAT images. (a) The tooth was embedded in an 

agarose and lipofundin solution in a plastic syringe. (b) Afterwards, the solidified 

agarose and lipofundin holder mixture was attached to the MSOT. (c) Schematic 

drawing of the interior components of the MSOT in Vision. 

 

2.2.5 Data Analysis 

 

µ-CT images served as the reference standard for the present study because the 

spatial resolution of µ-CT (up to 2 µm) is more accurate than that of CBCT (80 

µm [90]) and PAT (150 µm [84]). 

 Both the root surface deviation (RSD) and volume deviation (VD) between 

the CBCT/PAT and µ-CT images were calculated and analyzed. To calculate 

RSD, the total average of the RSD (average of the positive and negative RSD 

values) was determined.  

 The acquired two-dimensional images (TIFF files) of the incisors were 

assembled and compiled into three-dimensional models by using version 4.10.1 

of “3D Slicer,” a proprietary software program written in Matlab 2010b 

(MathWorks; Natick, Massachusetts, USA; Fig. 14). 
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Fig. 14. Comparison of µ-CT, CBCT, and PAT images. The images show the 

longitudinal and transverse section of human mandibular incisors. (a) µ-CT image, 

(b) CBCT image, (c) PAT image. 

 

 

 Due to the inversion of the original data, the image of the three-

dimensional µ-CT model was mirrored using the software Meshmixer 3.5.474 

(Autodesk, Inc.). An example of a tooth before and after mirroring is shown in Fig. 

15.  
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Fig. 15. Three-dimensional model of µ-CT image. (a) Back-to-front model. (b) Mirrored 

model by using software program Meshmixer 3.5.474 (017 Autodesk, Inc.). 

 

 The software program “GOM Inspect” (Braunschweig, Germany) was used 

to match and compare the three-dimensional models of each incisor. GOM 

Inspect has been certified by the Physikalisch-Technische Bundesanstalt 

(Braunschweig and Berlin, Germany) and the National Institute of Standards and 

Technology (Gaithersburg, Maryland, United States). Furthermore, the software 

matches images very precisely, producing the smallest surface deviation errors 

compared with other software programs [91]–[96]. 

 The following standardized protocol was used when matching the images. 

First, GOM Inspect was used to match the CBCT images with the µ-CT images. 

Second, pre-alignment was carried out by selecting three points on the µ-CT 

manually. The first point marked the apex of the tooth, the second point marked 

the enamel–dentin junction, and the third point marked a prominent spot on the 

tooth crown. Afterwards, the corresponding points were marked on the CBCT 

model, and both images could be roughly aligned. To improve the accuracy of 

the matching process, a second alignment was carried out using GOM Inspect. 

Thus, the Gaussian matching method (Gaussian best-fit 3 sigma) was applied. 

 The same procedure was used for both the PAT and µ-CT images (Fig. 

16).  
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Fig. 16. Surface deviations of the three-dimensional models. (Left) PAT compared with 

µ-CT imaging. (Right) CBCT compared with µ-CT imaging. 

 

 

 Once the three-dimensional models had been matched, the total average 

of the deviation, the normalized total average of the deviation, the positive 

deviation, and the negative deviation of the root surface area (RSA) were 

calculated, using µ-CT as the reference standard.  

 In addition, the total volume of the root was determined and compared 

among the three models. The software program Fusion 360TM (2020 Autodesk, 

Inc.) was applied to crop the three-dimensional models of the same mandibular 

incisor to the same size. Afterwards, the volume of the root was calculated by 

applying the software program Meshmixer 3.5.474 (2017 Autodesk, Inc.). 
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 The results of the matching process were displayed in a box-and-whisker 

plot. In this type of diagram (Fig. 17), the first and last 25% of the data are 

displayed as whiskers. The whisker of the first 25% is also called the first quartile 

(Q1; yellow), and the whisker of the last 25% is also called the third quartile (Q3; 

bright blue). The box/interquartile range (IQR; grey) describes the distance 

between the first and third quartile (IQR = Q3–Q1) and hereby covers 50% of the 

data. The median (green) is placed in the box.  

 However, a whisker is never longer than 1.5 times the length of the 

box/IQR. If a value cannot be placed within the whisker, this value is marked as 

a statistical outlier (red circle). 

 The smallest value of the dataset that is not rated as an outlier is the 

minimum, and the largest value of the dataset that is not rated as an outlier is the 

maximum of the boxplot [97]. 

 

 

 

 

 

Fig. 17. Boxplot diagram. Minimum (black): the smallest data value excluding outliers. 

First quartile (orange): first 25% of the data. Box (grey): 50% of the data. Median 

(green): the median value of the dataset. Third quartile (light blue): last 25% of the 

data excluding outliers. Maximum (dark blue): the largest data value excluding 

outliers. 

  

Minimum Maximum 

Median 

First Quartile 

Statistical Outlier 

Third Quartile 

25% 25% 25% 25% 

Interquartile Range (IQR) 
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2.2.6 Statistical Evaluation 

 

Data were analyzed in the software SPSS Statistics (Statistical Package for the 

Social Sciences, version 25.0.0; Armonk, USA). Several statistical tests were 

used, which are described in the following subsections. 

 

2.2.6.1 Frequency Distribution 

 

As a first step, the normal distribution of the data was analyzed using the 

Kolmogorov–Smirnov test. This test compares the observed cumulative 

distribution of scores with the theoretical cumulative distribution for a normally 

distributed population [98]. 

 The results showed that seven out of ten groups had a normal distribution.  

 

2.2.6.2 Significance Test 

 

In the present study, a result is determined to be significant if the p-value is ≤ 0.05 

and highly significant if the p-value is ≤ 0.01 [99]. 

 In general, parametric and non-parametric tests can be used to determine 

the significance level. Parametric tests are used if the results are normally 

distributed. Non-parametric tests are used if the results are not normally 

distributed [100]. 

 As mentioned, not every group showed a normal distribution. Therefore, a 

non-parametric test was applied to assess the significance level. For this 

purpose, the Mann–Whitney U test was applied.  

 The Mann–Whitney U test compares two mean values of random samples 

to calculate the significance level [101]. Therefore, all measured values of both 

groups were organized in a collective ranking list and for every value from “Group 

A,” it was counted how many values of “Group B” were ranked higher. At the end, 

the U value corresponds to the sum of the values that are ranked higher.  
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3 Results 

 

The results for root volume and for the assessment of surface deviation are both 

presented in the following sections.  

 

3.1 Total Volume Comparisons: Micro-Computed Tomography vs. Cone-

Beam Computed Tomography vs. Photoacoustic Tomography (µ-CT 

vs. CBCT vs. PAT) 

 

The total root volumes of the mandibular incisors are listed in a spreadsheet (Fig. 

18), followed by three diagrams (Fig. 19–21) that visualize the results for each 

imaging modality. 

 

Specimen µ-CT (mm3) CBCT (mm3) PAT (mm3) 

1 141.97 146.89 108.58 

2 132.99 112.16 119.61 

3 134.13 117.85 135.29 

4 210.79 184.46 224.59 

5 166.62 150.01 176.82 

6 150.25 137.25 138.32 

7 112.95 99.76 109.94 

8 128.48 122.21 118.94 

9 146.91 141.78 126.94 

10 80.97 72.24 73.57 

11 98.25 92.12 94.02 

12 133.31 103.10 115.35 

13 168.67 148.98 168.39 

14 151.14 133.88 136.98 

15 84.85 80.10 59.01 

16 215.37 184.88 235.87 

17 88.32 80.52 78.85 

18 217.66 190.35 199.74 



3. Results 
 

 39  
 

19 126.43 114.89 129.98 
 

 

 

Fig. 18. Total root volumes of mandibular incisors. Mandibular incisors were scanned 

in vitro by means of µ-CT, CBCT, and PAT.  

 

3.1.1 Micro-Computed Tomography vs. Photoacoustic Tomography 

(µ-CT vs. PAT) 

 

Comparing the µ-CT data with the PAT data yielded a mean total root volume of 

−7.33 mm3. The maximum deviation ranged between +20.51 mm3 and −33.40 

mm3 (Fig. 19).  

 

 

Fig. 19. Comparison of total volume (µ-CT vs. PAT). Mandibular incisors were 

scanned in vitro by means of µ-CT, CBCT, and PAT. Individual three-dimensional 

models were created and matched. The diagram shows the total root volume of the µ-

CT models (red) compared with the PAT models (green). 
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3.1.2 Micro-Computed Tomography vs. Cone-Beam Computed 

Tomography (µ-CT vs. CBCT) 

 

Comparing the µ-CT data with the CBCT data yielded a mean total root volume 

of −14.56 mm3. The maximum deviation ranged between +4.91 mm3 and −30.49 

mm3 (Fig. 20).  

 

 

 

Fig. 20. Comparison of total volume (µ-CT vs. CBCT). Mandibular incisors were 

scanned in vitro by means of µ-CT, CBCT, and PAT. Individual three-dimensional 

models were created and matched. The diagram shows the total root volume of the µ-

CT models (red) compared with the CBCT models (yellow). 
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3.1.3 Photoacoustic Tomography vs. Cone-Beam Computed Tomography 

(PAT vs. CBCT) 

 

Comparing the PAT data with the CBCT data yielded a mean total root volume of 

7.23 mm3. The maximum deviation ranged between +51.00 mm3 and −38.31 mm3 

(Fig. 21). 

 

 

 

 

Fig. 21. Comparison of total volume (PAT vs. CBCT). Mandibular incisors were 

scanned in vitro by means of µ-CT, CBCT. and PAT. Individual three-dimensional 

models were created and matched. The diagram shows the total root volume of the 

PAT models (green) compared with the CBCT models (yellow). 
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3.2 Surface and Volume Deviations: Micro-Computed Tomography (µ-CT) 

vs. Cone-Beam Computed Tomography (CBCT) vs. Photoacoustic 

Tomography (PAT) 

 

The surface and volume deviations among the µ-CT, CBCT, and PAT models of 

the mandibular incisors were calculated. The results of the surface and volume 

deviations were listed in a spreadsheet and organized into two groups. The first 

group shows the accuracy of PAT compared with µ-CT (Fig. 23 a, b, marked in 

white), and the second group shows the accuracy of CBCT compared with µ-CT 

(Fig. 23 a, b, marked in blue).  

 Fig. 22 defines the abbreviations used in Fig. 23 a, b.  

 

PM Total average of the deviation of the RSA (PAT compared with µ-CT) 

CM Total average of the deviation of the RSA (CBCT compared with µ-CT) 

P (+) Positive deviation of the RSA (PAT compared with µ-CT) 

C (+) Positive deviation of the RSA (CBCT compared with µ -CT) 

P (−) Negative deviation of the RSA (PAT compared with µ-CT) 

C (−) Negative deviation of the RSA (CBCT compared with µ -CT) 

PN Normalized total average of the deviation of the RSA (PAT compared with 

µ-CT) 

CN Normalized total average of the deviation of the RSA (CBCT compared 

with µ-CT) 

PV Volume deviation of the RSA (PAT compared with µ-CT) 

CV Volume deviation of the RSA (CBCT compared with µ-CT) 

SD Standard deviation 

 

Fig. 22. List of abbreviations. Group 1: PAT vs. µ-CT (white); Group 2: CBCT vs. µ-CT 

(blue) 
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Specimen PM 

(mm) 

CM 

(mm) 

Pplus 

(mm) 

Cplus 

(mm) 

Pminus 

(mm) 

Cminus 

(mm) 

1 −0.21 0.03 0.04 0.06 −0.25 −0.03 

2 0.07 −0.05 0.12 <0.001 −0.05 −0.06 

3 0.08 −0.05 0.17 0.06 −0.09 −0.11 

4 0.03 −0.14 0.10 <0.001 −0.07 −0.15 

5 0.04 −0.10 0.10 0.01 −0.06 −0.10 

6 −0.02 −0.06 0.10 0.02 −0.12 −0.08 

7 0.02 −0.07 0.10 0.03 −0.08 −0.10 

8 −0.06 −0.02 0.07 0.03 −0.12 −0.05 

9 −0.15 −0.03 0.03 0.02 −0.18 −0.05 

10 −0.09 −0.10 0.05 0.01 −0.15 −0.10 

11 −0.04 −0.08 0.06 0.01 −0.1 −0.08 

12 −0.13 −0.21 0.03 <0.001 −0.16 −0.21 

13 0.18 −0.09 0.22 <0.001 −0.05 −0.10 

14 −0.04 −0.15 0.06 <0.001 −0.09 −0.16 

15 −0.33 −0.06 0.01 <0.001 −0.33 −0.06 

16 0.06 −0.17 0.13 <0.001 −0.07 −0.17 

17 −0.09 −0.07 0.03 0.01 −0.12 −0.08 

18 −0.09 −0.14 0.03 <0.001 −0.12 −0.15 

19 0.06 −0.09 0.09 <0.001 −0.03 −0.09 

SD 0.12 0.06 0.05 0.02 0.07 0.05 

Mean −0.04 −0.09 0.08 0.01 −0.12 −0.10 

 

Fig. 23a. Surface and volume deviations for PAT compared with µ-CT, and for 

CBCT compared with µ-CT. Mandibular incisors were scanned using µ-CT, 

CBCT, and PAT. Individual three-dimensional models were created, and the µ-

CT models were defined as the reference standard. CBCT and PAT images were 

compared with µ-CT images. The root surface and volume deviations between 

PAT and µ-CT, and between CBCT and µ-CT are displayed. (white) Deviations 

between µ-CT and PAT images. (blue) Deviations between µ-CT and CBCT 

images.  
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Specimen PN (mm) CN (mm) PV (mm3) CV (mm3)  

1 −0.17 0.12 −33.40 4.91  

2 0.11 0.04 −13.38 −20.84  

3 0.12 0.04 1.16 −16.28  

4 0.07 −0.05 13.80 −26.33  

5 0.08 −0.01 10.21 −16.61  

6 0.02 0.03 −11.93 −13.00  

7 0.06 0.02 −3.01 −13.18  

8 −0.02 0.07 −9.66 −6.27  

9 −0.11 0.06 −19.96 −5.12  

10 −0.05 −0.01 −7.40 −8.74  

11 <0.001 0.01 −4.23 −6.13  

12 −0.09 −0.12 −17.97 −30.21  

13 0.22 <0.001 −0.28 −19.69  

14 <0.001 −0.06 −14.17 −17.27  

15 −0.29 0.03 −25.85 −4.75  

16 0.10 −0.08 20.51 −30.48  

17 −0.05 0.02 −9.46 −7.79  

18 −0.05 −0.05 −17.91 −27.30  

19 0.10 <0.001 3.55 −11.54  

SD 0.12 0.06 13.58 9.65  

Mean <0.001 <0.001 −7.33 −14.56  

 

Fig. 23b. Surface and volume deviations for PAT compared with µ-CT, and for CBCT 

compared with µ-CT. Mandibular incisors were scanned using µ-CT, CBCT, and PAT. 

Individual three-dimensional models were created, and the µ-CT images were defined 

as reference standard. CBCT and PAT images were compared with µ-CT images. 

The root surface and volume deviations between PAT and µ-CT, and between CBCT 

and µ-CT are displayed. (white) Deviations between µ-CT and PAT images. (blue) 

Deviations between µ-CT and CBCT images.  
 

 



3. Results 
 

 45  
 

 The results of the comparisons are shown in Fig. 24. The absolute 

values of the lower and the upper quartiles of the surface deviations were 

all <±0.15 mm, and the median of the surface deviations was < ±0.1 mm. 

The absolute values of the lower and the upper quartiles of the volume 

deviations were all <−20 mm3, and the median of the volume deviations 

was < −13 mm3. 

 

 

 

Fig. 24. Surface and volume deviations for PAT compared with µ-CT, and for 

CBCT compared with µ-CT. Mandibular incisors were scanned using µ-CT, 

CBCT, and PAT. Individual three-dimensional models were created. µ-CT 

images were defined as the reference standard. CBCT and PAT images were 

compared with µ-CT images. The root surface and volume deviations between 

PAT and µ-CT, and between CBCT and µ-CT are displayed. *= significant 

difference between PAT and CBCT. The results for the comparison of PAT with 

µ-CT have a slightly larger range than the results for the comparison of CBCT 

with µ-CT. 
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3.2.1 Photoacoustic Tomography vs. Micro-Computed Tomography (PAT 

vs. µ-CT) 

 

For the comparison of PAT with µ-CT, the total average of the RSA (PM) ranged 

between −0.33 mm and 0.18 mm, with a mean of −0.04 and a standard deviation 

(SD) of 0.12.  

 The normalized total average of the RSA (PN) ranged between −0.29 mm 

and 0.22 mm, with a mean of <0.001 and a SD of 0.12. 

 The positive deviation of the RSA (Pplus) ranged between 0.01 mm and 

0.22 mm, with a mean of 0.08 and a SD of 0.05. 

 The negative deviation of the RSA (Pminus) ranged between −0.33 mm 

and −0.03 mm, with a mean of −0.12 and a SD of 0.07. 

 The volume deviation of the RSA (PV) was also calculated. This ranged 

between 20.51 mm3 and −33.40 mm3, with a mean of −7.33 and a SD of 13.58. 

 

3.2.2 Cone-Beam Computed Tomography vs. Micro-Computed 

Tomography (CBCT vs. µ-CT) 

 

For the comparison of CBCT with µ-CT, the total average of the RSA (CM) ranged 

between −0.21 mm and 0.03 mm, with a mean of −0.09 and a SD of 0.06. 

 The normalized total average of the RSA (CN) ranged between −0.12 mm 

and 0.12 mm, with a mean of <0.001 and a SD of 0.06. 

 The positive deviation of the RSA (Cplus) ranged between <0.001 mm and 

0.06 mm, with a mean of 0.01 and a SD of 0.02. 

 The negative deviation of the RSA (Cminus) ranged between −0.21 mm 

and −0.03 mm, with a mean of −0.10 and a SD of 0.05. 

 In addition to the determination of RSA, the volume deviation of the RSA 

was calculated (CV). This ranged between 4.91 mm3 and −30.48 mm3, with a 

mean of −14.56 and a SD of 9.65. 
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3.2.3 Photoacoustic Tomography vs. Cone-Beam Computed Tomography 

(PAT vs. CBCT) 

 

The Mann–Whitney U test was applied to compare the results of the PAT and 

CBCT groups. The total average of the RSA showed no significant difference 

between the two imaging techniques (p=0.06). Both the negative average of the 

RSA (p=0.64) and the results of the volume deviation (p=0.11 showed no 

significant difference between PAT and CBCT. 

 The results of the positive deviation of the RSA (PAT compared with 

CBCT) showed a significant difference (p<0.001; Fig. 25). 

 

 p-value  

PM vs. CM 0.06 No significant difference 

Pplus vs. Cplus <0.001 Significant difference 

Pminus vs. Cminus 0.64 No significant difference 

PN vs. CN 0.79 No significant difference 

PV vs. CV 0.11 No significant difference 

 

Fig. 25. PAT vs. CBCT (Mann–Whitney U test). The comparison showed no significant 

differences between the two groups, with the exception of the results for the positive 

deviation of the RSA (PAT compared with CBCT). 
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4  Discussion  

 

In contrast to US and OCT, PAT utilizes both light and sound to generate an 

image. If only light is used (see OCT), the penetration depth is quite limited, due 

to scattering in the tissue. If only ultrasound is used (see US), a better penetration 

depth can be achieved, due to a reduction in the scattering effect. However, the 

application of US results in a poor contrast [87]. The detour from light to sound 

that occurs in PAT achieves both a higher spatial resolution and a greater 

penetration depth than OCT or US [23]. However, the spatial resolution of PAT is 

still limited, because it is affected by various other factors: it is compromised by 

acoustic inhomogeneity, a lack of sufficient data (due to a limited view angle), 

and a limited bandwidth of the detection system caused by the size of the detector 

aperture [102].  

 Nonetheless, the spatial resolution of PAT is already sufficient to achieve 

reliable information about early-stage caries, as was shown by a 2016 in-vitro 

study by Cheng et al. [103]. This finding was supported by Koyama et al., who 

showed in 2018 that it might be possible to use PAT for the detection of caries. 

In that study, caries could be detected by using frequency components of 0.5–

1.2 MHz on specimens with simulated caries. In caries-free specimens, however, 

this frequency was not adequate [104]. 

 Because PAT measurements are associated with an increase in 

temperature in the illuminated tissue, care must be taken to ensure that the pulp 

of the examined tooth remains undamaged. In an in-vitro study in 2006, Li and 

Dewhurst showed that the temperature of a postmortem tooth does not increase 

by more than 5ºC during PAT measurement. This is important information, 

because Li and Dewhurst found that the pulp starts to necrotize if it is heated by 

more than 5ºC. Furthermore, Li and Dewhurst demonstrated that it is possible to 

assess the distribution of caries in postmortem dental samples by using PAT 

[105].  
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4.1 Accuracy of PAT 

 

The present study assessed the accuracy of PAT and CBCT data for dental 

imaging. For this purpose, PAT and CBCT volume and surface data were 

compared with corresponding data from µ-CT, which served as the reference 

standard. Afterwards, the individual deviations between µ-CT and both PAT and 

CBCT were compared. For this purpose, extracted mandibular incisors were 

scanned in vitro using PAT, CBCT, and µ-CT. Subsequently, three different three-

dimensional models, one for each imaging technique, were created for each 

tooth. Finally, the three different three-dimensional models acquired from the 

same tooth were matched and analyzed regarding volume and surface. 

 By comparing these three different models, it was shown that the results 

for the comparison of PAT with µ-CT had a wider range than the results for the 

comparison of CBCT with µ-CT (Fig. 24). This might be because the ultrasound 

detection array of the MSOT inVision has an angular convergence of only 270 

degrees, whereas CBCT has 360-degree angular coverage. 

 Because teeth were embedded in water and agarose, it was not possible 

to reliably prevent the teeth from moving during scanning, which might have led 

to movement artifacts in some cases.  

 The penetration depth of x-rays is superior to that of near-infrared light, 

resulting in lower-quality images when PAT is used. This fact is of special interest 

regarding teeth that have e.g. a thicker layer of root cementum: the light will not 

be able to penetrate these teeth as easily as teeth with a thin layer of root 

cementum. 

 Imaging of the pulp was associated with larger volume deviations in PAT 

than in µ-CT and CBCT. Because the pulp is located in the center of the tooth, 

the light might have been reflected while crossing the enamel and dentin layers. 

This might explain the inaccuracies in PAT with respect to the volume of the pulp 

chamber.  

 Nonetheless, the comparison of the results for PAT–µ-CT and CBCT–µ-

CT showed that the surface and volume deviations were not significant, except 

for the subcategory Pplus/Cplus. Although the differences in this subgroup were 
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significant, the maximum absolute difference was only 0.22 mm, which is not 

important from a clinical point of view.  

 

4.2 PAT for Daily Clinical Practice in Dentistry 

 

In an in-vitro study in 2005, Jeleva et al. demonstrated that it is possible to detect 

the absence or presence of liquids under ceramic crowns by using PAT [48].  

 In their 2006 in-vitro study, El-Sharkawy et. al. used a Nd:YAG laser with 

a wavelength of 1064 nm to examine the optical and physical properties of teeth. 

They showed that it is possible to distinguish between an intact and a decayed 

tooth by calculating the longitudinal sound speed, optical penetration depth, and 

Grueneisen coefficient of the tooth [106]. 

 In 2010, Li and Dewhurst [105] showed that the temperature increase 

during PAT imaging remains below the safety limit of 5ºC. This means that 

photoacoustic imaging causes no physical damage to the tissue of the tooth. 

Furthermore, it was shown that PAT provides high sensitivity regarding the 

detection of early-stage caries. For this purpose, three-dimensional and two-

dimensional models were designed based on PAT images. However, PAT was 

not compared with a reference standard [105]. 

 Moore et al. demonstrated in 2018 that it is possible to depict the gum, 

gingival margin, and gingival thickness of teeth 7–10 and 22–27 by using PAT in 

combination with a contrast medium (cuttlefish ink). Furthermore, the study 

showed that PAT provides a more reliable measurement of periodontal pocket 

depths than a dental hygienist using a periodontal probe [107].  

 All these studies came to the conclusion that PAT is suitable for imaging 

teeth and the surrounding tissue. However, to the best of the author’s knowledge, 

the present study is the first to show that PAT imaging is almost as accurate as 

CBCT imaging concerning surface and volume deviations. 
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4.3 PAT Compared With Other Non-Ionizing Imaging Techniques 

 

Many other non-ionizing imaging techniques such as US, MRI, and OCT are 

available. Because PAT has to compete with these imaging techniques, it is 

useful to discuss some recent findings for US, MRI, and OCT in relation to 

dentistry, in order to rank the value of PAT in this context.  

 

4.3.1 Ultrasound  

 

In his review, Marotti et al. presents 58 articles about the use of US in dentistry 

[108]. The results of the most interesting papers in this review are described in 

the following. 

 Slak et al. showed that the thickness of enamel can be assessed with 

adequate accuracy [109]. 

 On the basis of three test persons, Salmon et al. demonstrated that US 

can be used in vivo to visualize dental implants, periodontal structures, and even 

a mucocele [110]. 

 In their study comparing US images with bitewing radiographs, Matalon et 

al. found that that US had a specificity of 0.92 and a sensitivity of 0.9 with respect 

to the detection of carious lesions [111]. 

 

4.3.2 MRI 

 

A study by Kress et al. showed that the image resolution of MRI is sufficient to 

depict the temporomandibular joint and to evaluate the integrity of the inferior 

alveolar nerve [112].  

 In another study, the same research group revealed that MRI is even able 

to depict the teeth. Furthermore, Kress et. all showed that, by measuring the 

blood flow within the pulp of teeth, MRI can be used to differentiate between 

young (27 years or less) and old (48–77 years) teeth [113]. 

 



4. Discussion 
 

 52  
 

4.3.3 OCT 

 

Fried et al. showed that cracks in teeth are easily visible in both in vivo and in 

vitro images in OCT at wavelengths around 1300 nm [74]. 

 In another in-vivo study, Chan et al. were able to measure the internal 

structure and depth of carious lesions in 62 out of 63 teeth using a wavelength of 

1300 nm [114].  

 An in-vivo study by Shimada et al. demonstrated that OCT images are 

more accurate and reliable for the detection of enamel lesions and dentin caries 

than conventional bitewing radiographs [115]. 

 

4.4 PAT for Daily Clinical Practice in Other Medical Applications 

 

In addition to dentistry, PAT is becoming increasingly important in other medical 

applications. These are presented in the following sections.  

 

4.4.1 Brain Imaging  

 

Imaging the brain using PAT remains challenging, because the skull and brain 

tissue of larger mammals such as monkeys generate strong optical scattering. 

This scattering severely limits optical fluency [116]. Imaging the brains of smaller 

mammals such as rodents is less challenging. Because they have thin skulls, 

PAT has been used in multiple in-vivo studies to image the brains of small 

animals [117], [118]. 

 

4.4.2 Thyroid Imaging 

 

Existing imaging methods such as scintigraphy, CT, PET-CT, and MRI lack the 

specificity to distinguish between malignant and benign follicular nodules in 

thyroid tissue. Therefore, thyroid cancer is diagnosed by using US in combination 

with invasive needle aspiration cytology, followed by a histological evaluation. In 

this context, the difficulty in diagnosing thyroid cancer should be kept in mind; 
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namely, conventional primary diagnostics are sensitive but do not allow 

differentiation between aggressive lesions and subclinical cancers, leading to 

overdiagnosis and overtreatment. In contrast, the location and anatomic structure 

of the thyroid gland means it is a good candidate for PAT imaging. Thus, PAT 

might be a promising imaging technique once a suitable imaging contrast (either 

exogenous or endogenous) is found [118]–[122].  

 

4.4.3 Breast Imaging 

 

Another promising domain for the use of PAT is breast imaging. In the female 

breast, most of the targeted tissues are located superficially and can therefore be 

imaged. Furthermore, healthy breast tissue has a low optical absorption and 

scattering, whereas abnormally increased vasculature [123] and hemoglobin at 

tumor sites produces an intense photoacoustic signal.  

 However, breast imaging by use of PAT remains challenging. Clinical PAT 

systems are in the process of being improved further, which will enable breast 

lesion detection in a regular clinical setting [118].  

 

4.4.4 Dermatological Imaging 

 

The gold standard remains invasive biopsies combined with histopathological 

analysis, even though the skin is easily accessible [118] and some optical 

imaging systems, such as OCT or high-frequency ultrasonography, are already 

in use. However, OCT shows a distinct limitation with respect to penetration depth 

(1–2 mm), and high-frequency US lacks molecular and functional imaging 

capabilities [124]. PAT could perform significantly better in both of these areas 

and could be used for dermatological imaging. Nevertheless, a single “all-rounder 

PAT application” is not yet available. One reason could be the need for direct 

physical tissue contact [118]. 
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4.5 Outlook for PAT in Daily Clinical Practice 

 

The results of the presented and previous studies indicate that PAT promises to 

be a highly valuable diagnostic tool in various medical fields. In contrast to other 

common imaging techniques, PAT has the advantage of utilizing non-ionizing 

laser light, which makes it a portable technique. PAT allows the detection of 

endogenous chromophores, such as hemoglobin and melanin, without the need 

to inject exogenous molecular imaging agents. In addition, PAT devices are 

becoming more and more affordable due to cheaper ultrasound and laser 

components [23]. However, this innovative imaging technique still needs to be 

improved to enable its application in daily clinical practice. In particular, its spatial 

resolution and penetration depth in some tissues and some specific anatomic 

locations have to be improved. In this context, the penetration of bone, air, and 

voluminous teeth poses problems that have to be solved. 

 Therefore, further developments of PAT would be desirable, for example, 

a detector with a concave array of 360-degree angular coverage, to avoid blurring 

at the top of photoacoustic images and to enhance spatial resolution. 

 Furthermore, it would be useful to develop an improved algorithm to 

transfer the gathered dental data into an image. A modified algorithm would be 

especially useful for the PAT examination of hard tissue, because the algorithm 

currently used by the MSOT inVision is predominately designed for imaging soft 

tissue.  

 In summary, the hypothesis of the present study has to be partially rejected 

because there were significant differences between PAT and µ-CT with respect 

to the positive surface deviation of mandibular human incisors. However, with 

respect to the other variables assessed in the present study, no significant 

differences could be found.  

 

4.6 Study Limitations 

 

The in-vitro nature of this study means its results must be interpreted with some 

caution. However, because the teeth are surrounded by bone, it would have been 



5. Summary 
 

 55  
 

very challenging to assess them in vivo. The present study aimed to provide a 

basis for further clinical studies; thus, the in-vitro approach used in this study to 

obtain preliminary results is justified. Furthermore, the size of human teeth differs 

from molars to incisors. In the present study, mandibular incisors were used due 

to their smaller size. The results therefore cannot be extrapolated without 

reservation to human molars, for example. 

 Finally, the results of the present study with respect to PAT are based on 

the MSOT inVision 256-TF device. Consequently, the results cannot be directly 

transferred to other PAT devices.  

 

5 Summary 

 

Because three-dimensional images have a substantial impact on diagnosis, 

treatment planning and, consequently, the success rate of medical treatment, 

high-resolution imaging and three-dimensional reconstruction of teeth in dentistry 

have gained fundamental importance.  

 Despite the availability of non-ionizing imaging techniques, x-ray imaging 

is still used as standard in dentistry. For this reason, this study examined and 

compared the accuracy of the newly emerging imaging technique PAT with that 

of µ-CT as the established, reference standard imaging technique. Three-

dimensional models were created, based on PAT, CBCT, and µ-CT data. To 

collect the data, each imaging technique was used to scan human mandibular 

incisors. Because the µ-CT models were defined as the gold standard, the three-

dimensional PAT and CBCT models were compared with the three-dimensional 

model of the µ-CT data. In addition, both groups (PAT–µ-CT and CBCT–µ-CT) 

were compared with each other.  

 The present study demonstrated that PAT can already be used to make 

accurate reconstructions of the root surface and volume of mandibular incisors. 

 In general, the surface deviations between the PAT and µ-CT images were 

slightly larger than the surface deviations between the CBCT and µ-CT images. 

The difference between the PAT–µ-CT group and the CBCT–µ-CT group 
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regarding the total average of the RSA was not found to be significant (p=0.06). 

However, the maximum positive deviation between the PAT and µ-CT images 

was 0.18 mm, and the maximum negative deviation was −0.33 mm. In clinical 

daily practice, these discrepancies are of negligible importance. 

 Although the comparison of dental root volume showed that PAT and 

CBCT images had a slightly smaller volume than the µ-CT images, these 

differences were not significant (p=0.11).  

 It can be concluded that three-dimensional reconstructions based on in-

vitro PAT can already achieve an acceptable reconstruction quality. 

Nevertheless, further research is necessary to improve the accuracy of PAT 

imaging, especially when it comes to in-vivo imaging. Here, the imaging of teeth, 

and especially their roots, is considerably complicated, because the root is 

covered by bone that has to be penetrated by light when using PAT.  

 Due to the fact that this imaging technique is still in its infancy and the 

algorithm used to calculate the images is designed for soft tissue, it can be stated 

that the ability to use the photoacoustic effect to show molecular and optical 

contrasts will lead to a valuable diagnostic tool in the future.  
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6  Appendix 

 

6.1 Materials 

 

6.1.1 Equipment 

 

 

µ-CT MetRIC (Micro and 

region of interest CT) 

Designed and constructed by the 

Institute for X-ray Microscopy, 

Fraunhofer IIS Wuerzburg, 

Bavaria, Germany 

 

CBCT 

 

Orthophos XG 3D 

 

Dentsply Sirona, York, PA, USA 

 

PAT 

 

MSOT inVision 256-TF 

 

iThera Medical, Munich, Germany 

 

 

3D printer 

 

 

GermanRepRapX350 

 

 

German RepRap GmbH 

Feldkirchen, Germany 

 

Ultrasonic 

scaler 

 

SONICflex LUX 2000L 

 

KAVO, Bieberach, Germany 

 

 

6.1.2 Consumables  

 

Oasis Gravidus GmbH, Bremen, Germany 

 

Falcon Tube (15 ml)  

 

Sigma-Aldrich Chemie GmbH, 

Taufkirchen, Germany  

 

Disposable syringe 
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B. Braun Deutschland GmbH & Co. 

KG, Melsungen, Germany 

 

PETG (polyethylene terephthalate) 

 

Filamentworld, Neu-Ulm, Germany 

 

Plastic wrap 

 

allpack24, Nersingen, Germany 

 

 

6.1.3 Solutions 

 

Chloramine-T solution 

1 g solution contains 10 mg 

chloramine-T (= tosylchloramide 

sodium) 

SAP Nr. 712170 

Pharmacy of Wuerzburg University 

Hospital 

Innere Aumühlstraße 3  

97076 Wuerzburg 

Germany 

 

Lipofundin MCT 20% 

 

B. Braun Melsungen AG 

34209 Munich 

Germany 

 

Agarose Standard 

Item nr. 3810.3 

Batch 147257100 

 

Carl Roth GmbH + Co. KG  

Schoemperlenstr. 3–5 

76185 Karlsruhe  

Germany 
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6.1.4 Software 

 

3D Slicer 4.10.1 r27931 National Alliance for Medical Image Computing 

(NA-MIC)  

Funded by the National Institutes of Health 

through the NIH Roadmap for Medical Research, 

Grant U54 EB005149 

 

Meshmixer 3.5.474 

 

©2017 Autodesk, Inc., San Rafael, USA 

 

GOM Inspect 2018 

 

(2018 Hotfix 5, Rev. 115656, Build 2019-02-15) 

Tested and certified by NIST (National Institute of 

Standards and Technology, Gaithersburg, 

Maryland, USA) and PTB (Physikalisch-

Technische Bundesanstalt, Braunschweig and 

Berlin, Germany) 

 

Cubify Design 

 

3D Systems, Rock Hill, South Carolina, USA 

 

SPSS Statistics  

Statistical Package for the 

Social Sciences, 

version 25.0 

 

 

IBM Deutschland GmbH 

IBM-Allee 1 

71139 Ehningen 

Germany 

Fusion 360TM 2.0.8816 ©2020 Autodesk, Inc., San Rafael, USA 
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6.5 Informed Consent Form and Patient Information for Extracted Teeth 

 

 

Zentrum für Zahn-, Mund- und Kiefergesundheit 

 

Poliklinik für Zahnärztliche Prothetik 

Direktor: Prof. Dr. M. Schmitter 

 

 
 

 

 

Poliklinik für Zahnärztliche Prothetik · Pleicherwall 2 · 97070 Würzburg 

 

 

Einwilligungserklärung 

 

Verwendung von extrahierten Zähnen für Forschung und Lehre 

 

 

Die schriftliche Patientenaufklärung habe ich erhalten und gelesen. Darüber hinaus bin 

ich mündlich durch Frau/Herrn _______________________ aufgeklärt worden. 

 

In diesem Zusammenhang sind mir alle meine Fragen vollständig beantwortet worden. 

Ich stimme der freiwilligen Teilnahme zu und stelle meinen extrahierten Zahn 

/extrahierten Zähne für Forschungszwecke und Lehre zur Verfügung. Ich weiß, dass ich 

meine Zustimmung jederzeit und ohne Begründung und Nachteile für meine weitere 

medizinische Versorgung wiederrufen kann. Eine Vernichtung der gespendeten Zähne ist 

nach der Anonymisierung nicht mehr möglich. 

 

_____________________________                       ___________________________ 

Unterschrift Patient/gesetzlicher Vormund   Unterschrift Behandler 
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Zentrum für Zahn-, Mund- und Kiefergesundheit 

 

Poliklinik für Zahnärztliche Prothetik 

Direktor: Prof. Dr. M. Schmitter 

 
 

 

 

Poliklinik für Zahnärztliche Prothetik · Pleicherwall 2 · 97070 Würzburg 

 

Patientenaufklärungsbogen über die Verwendung von extrahierten Zähnen für 

Forschung und Lehre 

 

 

Sehr geehrte Patientin, sehr geehrter Patient, 

vor dem Einsatz neuer Materialien und Behandlungsmethoden müssen zuerst 

Laboruntersuchungen eine positive Bewertung dieser Materialien und Methoden 

nachweisen. Um eine möglichst realitätsnahe Simulation der klinischen Situation zu 

erhalten, werden in der Zahnmedizin extrahierte Zähne in Laboruntersuchungen 

herangezogen, um verlässliche Aussagen über das Verhalten der unterschiedlichen 

Materialien oder Versorgungmethoden in Kombination mit den natürlichen Zähnen 

treffen zu können.  

Zudem ist es im Rahmen der vorklinischen Ausbildung der Studierenden wichtig, dass 

sie bestimmte Arbeitsschritte an natürlichen Zähnen durchführen können, um dadurch 

klinische Bedingungen weitestgehend zu simulieren.  

 

Letztlich geht es um die Verbesserung der Behandlung unserer Patienten.  

 

Für Forschung und Lehre benötigen wir extrahierte Zähne. Mit Ihrem Einverständnis 

verwenden wir Ihre Zähne, die im Rahmen Ihrer Zahnsanierung aus medizinischen 

Gründen gezogen werden müssen. Es wird kein unnötiger Eingriff vorgenommen. 

Zähne werden nur dann extrahiert, wenn dies medizinisch auch notwendig ist.  
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Um eine ideale studentische Ausbildung zu gewährleisten und um möglichst 

realitätsnahe Laboruntersuchungen durchführen zu können, bitten wir Sie, uns den 

extrahierten Zahn/die extrahierten Zähne zur weiteren Verwendung zu Verfügung 

zu stellen. Der Zahn/die Zähne würde/-n ansonsten entsorgt werden. Persönlich 

entstehen dadurch keine Vor- oder Nachteile für Sie.  

 

Für die Patienten die freundlicherweise ihre Zähne zur Verfügung stellen, sind keinerlei 

unerwünschte Nebenwirkungen zu erwarten. Es erfolgt keine Gewinnung oder 

Verwertung von genetischen Material.  

 

Ergebnisse der Studien können in Fachzeitschriften, Fachbüchern oder Fachvorträgen 

veröffentlicht werden.  

 

Ihre Teilnahme erfolgt freiwillig. Sollten Sie mit der Verwendung Ihrer Zähne nicht 

einverstanden sein, so entstehen Ihnen keinerlei Nachteile hinsichtlich Ihrer weiteren 

zahnärztlichen Versorgung. Sie haben das Recht Ihre Einwilligungserklärung jederzeit 

ohne Angabe von Gründen und ohne Nachteile zurückzuziehen.  

 

Für weitere Fragen stehen Ihnen der/die behandelnde Zahnarzt/ -ärztin zur Verfügung.  

 

Vielen Dank für Ihre Unterstützung!  
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