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1. Abstract in English and German 

1.1. Abstract  

Introduction: After a root-canal treatment many teeth need to be restored employing post-

and-core restorations. The final restoration presents an assortment of biomaterials that must 

function as a unity to withstand chewing loading in a wet environment. Post-and-core 

restorations occasionally fail, and their structure usually exhibits voids, air bubbles, or 

delamination. However, the evaluation of the structural integrity and the attachment 

between components of post-and-core restorations is a challenge. 

Objective: To develop and apply a non-destructive methodology to evaluate the presence of 

defects in post-and-core restorations using x-ray synchrotron imaging techniques. It was 

hypothesized that the selected techniques would be able to non-destructively detect flaws in 

the structure of post-and-core restorations. 

Materials and methods: Human root canal treated upper incisors (n=14) were restored with 

post-and-core build-ups using prefabricated fiberglass (Dentin Post, Komet) or titanium posts 

(Kopfstift Titanium Post, Komet), cemented with a self-adhesive resin cement (RelyX Unicem 

2, 3M ESPE Dental Products), sustaining cores made with a flowable resin composite (Rebilda 

DC Quickmix, Voco) that were adhered to the tooth substrate and posts by a universal 

adhesive system (Futurabond U, Voco). Synchrotron x-ray sources were used for dental 

sample imaging with phase contrast-enhanced micro-CT (PCE-CT), while single fiberglass posts 

were imaged with PCE-CT and synchrotron x-ray refraction radiography (SXRR). The 

reconstructed volumes were segmented, and the data were analysed manually (by a single 

operator) and digitally in 2D and 3D. The generated data were tabulated and used for 

statistical analysis.  

Results: The resulting images from PCE-CT of post-and-core restored teeth revealed the 

presence of gaps between tooth and cement in ~45% of the interface in the cervical area of 

the restoration. Endodontic epoxy-based sealer was found in ~10% of the interface. No gaps 

between post and cement were observed, as well as no statistical difference between 

fiberglass and titanium post groups for all measured parameters. PCE-CT was suitable to reveal 

gaps between the adhesive system from the core and the tooth substrate. The segmented 

gaps were non-uniformly distributed and occupied on average ~34% of the interface and were 



Thesis Ana Prates Soares 6 
 

between 2 and 16 µm thick. PCE-CT and SXRR revealed the impact of bur trimming of fiberglass 

posts for canal fitting. The regions affected by trimming showed a strong accumulation of 

defects like splinters, cracks, and fragments of glass fibres extending from the bur-touched 

surface to 50 µm deep in the post structure.  

Conclusion: The cutting-edge non-destructive imaging technology used in the present work 

is invaluable for revealing the defects in post-and-core restorations. The identified defects 

are possible causes of treatment failure. Further work is needed to show the progressive 

effect of defects under load over time. 
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1.2. Zusammenfassung  

Einleitung: Nach einer Wurzelkanalbehandlung müssen Zähne regelmäßig mittels eines 

Wurzelaufbaus wiederhergestellt werden. Die endgültige Restaurierung erfordert den Einsatz 

verschiedener Biomaterialien, die als Einheit fungieren müssen, um der Kaubelastung in 

feuchter Umgebung standzuhalten. Stift-Stumpf-Aufbauten versagen gelegentlich und ihre 

Struktur weist häufig Hohlräume, Luftblasen oder Delaminationen auf. Die Bewertung der 

strukturellen Festigkeit und der Verbindung zwischen den einzelnen Komponenten der Stift-

Stumpf-Aufbauten sowie der Auswirkung etwaiger vorhandener Defekte ist jedoch schwierig. 

Ziel: Entwicklung und Anwendung einer zerstörungsfreien Methode zur Bewertung des 

Vorhandenseins von Defekten in Stift-Stumpf-Aufbauten mithilfe von Röntgensynchrotron-

Bildgebungstechniken. Es wurde die Hypothese aufgestellt, dass die ausgewählten Techniken 

in der Lage sind, Defekte in der Struktur von Stift-Stumpf-Aufbauten zerstörungsfrei zu 

erkennen. 

Material und Methoden: Menschliche wurzelkanalbehandelte obere Schneidezähne (n = 14) 

wurden mit Stift-Stumpf-Aufbauten unter Verwendung von vorgefertigten Glasfaser (Dentin 

Post, Komet) oder Titanstiften (Kopfstift Titanium Post, Komet) restauriert, die mit einem 

selbstadhäsivem Befestigungskompositen zementiert wurden (RelyX Unicem 2, 3M ESPE 

Dental Products). Stumpf-Aufbauten aus einem fließfähigen Aufbaukomposit (Rebilda DC 

Quickmix, Voco) wurden mit einem universellen Adhäsivsystem (Futurabond U, Voco) auf das 

Zahnsubstrat und die Stifte geklebt. Synchrotron-Röntgenquellen wurden für die Bildgebung 

von Zahnproben mit phasenkontrastverstärkter Mikro-CT (PCE-CT) verwendet. Einzelne 

Glasfaserstifte wurden mit PCE-CT und Synchrotron-Röntgenrefraktionsradiographie (SXRR) 

abgebildet.Die rekonstruierten Volumina wurden segmentiert und die Daten manuell (von 

einem einzelnen Bediener) und digital in 2D und 3D analysiert. Die generierten Daten wurden 

tabellarisch dargestellt und für statistische Analysen verwendet. 

Ergebnisse: Die mithilfe der PCE-CT erstellten Bilder der Stift-Stumpf-Aufbauten zeigten in 

~45% Lücken in der Verbindung zwischen Zahn und Zement im zervikalen Bereich der 

Restauration. Endodontische epoxidharzbasierte Sealer wurde in ~10% der Grenzflächen 

gefunden. Es wurden keine Lücken zwischen Stift und Zement sowie keine kein statistische 

Unterschiede zwischen Glasfaser- und Titanstiftgruppen für alle gemessenen Parameter 
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beobachtet. Mittels PCE-CT wurden die Lücken zwischen dem Adhäsivsystem des Stumpfs und 

dem Zahnsubstrat sichtbar. Die segmentierten Lücken waren ungleichmäßig verteilt, zwischen 

2 und 16 µm groß und fanden sich durchschnittlich auf rund 34% der Oberflächen. PCE-CT und 

SXRR zeigten die Auswirkungen des Bohrertrimmens der Glasfaserstifte für die 

Kanalanpassung. Die vom Trimmen betroffenen Bereiche zeigten eine starke Ansammlung von 

Defekten wie Splittern, Rissen und Glasfaser--Fragmenten, nicht nur an der vom Bohrer 

berührten Oberfläche, sondern bis zu 50 µm tief in der Stiftstruktur. 

Fazit: Die in der vorliegenden Arbeit verwendete hochmoderne zerstörungsfreie 

Bildgebungstechnologie ist von unschätzbarem Wert, um Defekte in Stift-Stumpf-Aufbauten 

aufzudecken. Die identifizierten Defekte sind mögliche Ursachen für ein Versagen der 

Behandlung. Weitere Arbeiten sind erforderlich, um den fortschreitenden Effekt eines Defekts 

unter Belastung im Laufe der Zeit aufzuzeigen. 

 

 

 

 

 

 

 

 

 

 

 



Thesis Ana Prates Soares 9 
 

2. Current scientific knowledge  

2.1. Rehabilitation of root canal treated teeth using post-and-core restorations: 

Dental post-and-core build-ups are regularly used for restoring teeth with severely 

compromised dental structure (Guldener et al., 2017). Built into the root canal and former 

pulp chamber, the post-and-core restoration is composed of a central pillar cemented to the 

canal walls and covered by a restorative material. The post sustains a bulk of material that 

replaces the lost dental substance, the entire construct will support an artificial crown, 

designed to rehabilitate the function and aesthetics of the damaged tooth (Fig. 1). Contrary 

to what was once believed (Saupe et al., 1996), the post does not reinforce the remaining root 

walls, rather, it retains the core and artificial crown (Madfa et al., 2014). Ultimately, the post-

and-core restoration should sustain recurring chewing loads in the oral cavity acting as a single 

unit (monoblock), which requires that the different components attach firmly to each other 

(Tay & Pashley, 2007). However, the evaluation of the structural integrity and the attachment 

between components of post-and-core restorations is a challenge, as well as the investigation 

of the effect of the presence of defects in the restoration. 

 

Figure 1: 3D rendering of a root canal-filled tooth rehabilitated with a ceramic crown sustained by a post-and-

core restoration. Core build-up composite material; Post; Adhesive used to bond core and tooth substrate; 

Cement that attaches the post to the root canal walls; Tooth substrate.  Figure created by the author, based on 

her data.  
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Due to developments in manufacturing techniques, cementation methods, and reduced costs 

of modern composite biomaterials, a range of products are now available for clinical use in 

post-and-core restorations.  

Nowadays, there are two main types of clinically used posts: custom-made and prefabricated 

posts (Samran et al., 2013). Custom-made posts are cast using different metallic alloys (Gold, 

Nickel-Chrome, etc.) or they are made individually of non-metallic materials (Zirconia, 

Fiberglass, etc.). Prefabricated posts are more common and can either be metallic or non-

metallic, with different surface designs (Fig. 2). The main advantage of prefabricated posts is 

that the restoration of the root canal-treated tooth takes place in one short clinical procedure. 

Currently, the most popular posts in clinical use are prefabricated fibre posts (Ahmed et al., 

2017), and from those, fiberglass posts are the most frequently used (Naumann et al., 2016). 

They have a major advantage in that they provide better aesthetics (Bateman et al., 2003) and 

present a similar elastic modulus to the tooth’s (Duret et al., 1996) as compared with titanium 

and other metallic prefabricated posts. 

 

Figure 2: examples of clinically used prefabricated posts. In sequence from left to right: GT® Fibre Post 

(Dentsply), ParaPost®XH (Coltene Whaledent), ParaPost®Taper Lux (Coltene Whaledent), CosmoPost® (Ivoclar 

Vivadent), E-Post (Injecta), CF Carbon Fibre Post (J Morita), Golden Plated Screw Post (Rogin). Figure created by 

the author, based on pictures of different post devices.  

 Posts are cemented in the root canal, using one of many commercially available dedicated 

materials. Types of cement that self-adhere to root dentin or those that cure in dual mode 

(chemically and by light activation), such as self-adhesive resin cement and resin-modified 

glass ionomer cement, are typically selected by the dentist due to their easiness of use (Ahmed 

et al., 2017). 

While using prefabricated posts, there are different options for direct core build-up materials. 

The ideal material must have a similar-to-teeth mechanical response to withstand chewing 



Thesis Ana Prates Soares 11 
 

loads, as well as have tooth-like colour for aesthetic reasons (Kumar & Shivrayan 2015; 

Panitiwat & Salimee, 2017). Various dental resin composites exist that are well able to adhere 

to both tooth and post through a bonding system (Panitiwat & Salimee, 2017). Specifically, 

resin composites are used by most clinicians as routine core build-up materials in Germany 

(Naumann et al., 2016). 

Adhesive systems are responsible for attaching dental biomaterials to the tooth substrate. The 

use of adhesive in dentistry dates back to 1955 (Buonocore, 1955), and currently, there is an 

abundance of products in the market (Van Meerbeek et al., 2003). The latest generation of 

bonding systems is known as universal adhesives and was developed for easiness of use, with 

two application modes, one requiring acid etching of the tooth substrate and one that does 

not (Sofan et al., 2017).   

2.2. Failures of post-and-core restorations: 

It is an unfortunate reality that post-and-core restorations occasionally fail, often together 

with the crowns built on them (Marchionatti et al, 2017). There are several reasons why post-

and-core restorations may fail. One group of causes includes biological factors, such as 

pathogens penetrating through the root and crown restorations leading to reinfection of the 

root canal system and secondary caries (Naumann et al., 2017). Further mechanical/structural 

factors, such as restoration cracking may lead to restoration detachment and loss or entire 

tooth fracture (Naumann et al., 2017). Both biological and mechanical factors may lead to the 

loss of the treated tooth. The impact of tooth loss on the quality of life of treated individuals 

ranges from imposing social/aesthetic discomfort to speech impairment (Okoje et al., 2012). 

There is, therefore, an ever-increasing pressure to conservatively and reproducibly restore 

teeth following root canal therapy. This is driven forward by the increase in the general 

knowledge of patients regarding desirable dental treatments and a higher demand for 

effectiveness and longevity of restorations (Douglass & Sheets, 2000). The first prospective 

study reporting a 10-year follow-up of fiberglass post restorations showed a 4.6% annual 

failure rate (Naumann et al., 2012). The results show that almost 50% of the posts failed within 

ten years following placement. A later prospective multi-centre study with a patient follow-

up of 6.5 years reported an 8.6% annual failure rate of teeth restored with post-and-core 

(Kramer et al., 2019). A more recent retrospective study showed a mean survival of 12 years 

for post-and-core restored teeth (Martino et al., 2020). Although dental treatment is never 
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considered "everlasting", annual failure rates as listed above are sub-standard and may badly 

impact tooth survival. 

2.3. Possible causes for post-and-core restoration failure: 

While the failure of restorations may come about for many reasons, ranging from biological 

contamination to trauma, there exists a specific group of failures that relate to structural 

failures due to inadequacy of the artificially restored tooth. Such failures ensue following the 

appearance and growth of structural defects. In post-and-core restorations, failures may occur 

due to detachment of the structures (adhesive failures) or due to fractures of the constructed 

restorations (cohesive failures). To better understand, predict and prevent structural defects, 

there is a need to evaluate the materials currently used in post-and-core restorations, at high 

resolution and under conditions that are closest to the in-operative conditions in the oral 

cavity. Such data is essential to improve fabrication/construction methods and better select 

the ideal materials. 

2.4. Investigation of flaws in post-and-core restorations: 

The extent to which failures in post-and-core restorations occur due to flaws in the materials 

remains unknown (Rasimick et al., 2010). Though often failures are attributed to mistakes 

during clinical procedures, it is important to note that even if the restorative process follows 

treatment protocols meticulously, the final restoration that combines different interfaces and 

different materials (Fig. 1) often ends up containing voids, air bubbles, or delamination 

(Lorenzoni et al., 2013). Especially the interface between tooth tissue (dentin, in the roots), 

cement, and post is of major concern as it forms the ‘weak link’ (Teshigawara et al., 2019). 

Flaws in the restoration are considered to be damaging to its integrity and presumably worsen 

prognosis (Da Silva et al., 2015), as they concentrate stress during mechanical load, which may 

lead to cracking and detachment under cyclic chewing loads. Thus, it is essential to identify 

the relationship between structural defects and restoration. 

Assessing the internal structure of post-and-core restorations is a challenge. Morphological 

studies of the root canals containing post-and-core restorations are conventionally performed 

by mapping out serial cross-sections of the sample’s contours with different microscopes 

(Heintze, 2013). While useful, this method is essentially destructive and can introduce damage 

(eg. cracks) during sample preparation (Zaslansky et al., 2011). Furthermore, cross-sections of 
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the samples only expose 2D surfaces of the 3D dental structure, and sample slicing leaves no 

possibility for later mechanical testing, which may be necessary to quantify the effects of such 

defect. Therefore, there is a need to examine post-and-core restorations using more 

reproducible and non-destructive techniques such as computer tomography (CT) methods 

(Grande et al., 2012). However, due to the small dimensions and the complex material 

structuring, internal non-destructive tomographic examination of dental post-and-core 

restorations is extremely challenging. X-ray micro-computed tomography (micro-CT) is an 

imaging modality of increasing importance that uses x-ray projections and allows 

reconstruction of 3D (virtual) models of the tooth interior in a non-destructive manner with 

spatial resolutions in the micron scale. Most CT techniques use absorption (attenuation) 

contrast as a proxy for mapping the atomic density of the elements that constitute the 

material (Gao et al., 2006). Materials with similar absorption coefficients or those with low 

absorption are not well imaged by this technique (Betz et al., 2007) because the signal-to-

noise ratios and the resulting contrast are too low as compared with background noise (Chen 

et al., 2010). Since many of the materials used in the dense mm-sized teeth for restorative 

proposes have similarly low densities, separating them using absorption contrast in micro-CT 

is often unfeasible (Rominu et al., 2014). 

Phase contrast-enhanced micro-computed-tomography (PCE-CT), which exploits phase shifts 

in the x-ray beam as it propagates through the structure (Gao et al., 2006; Baruchel et al., 

2001), relies on small differences in the scattering properties of materials and interfaces, 

providing high contrast images at sub-micron spatial resolutions (Betz et al., 2007). PCE-CT 

requires high-power x-ray sources and is therefore performed in large-scale research facilities 

known as 'synchrotrons'. Imaging beamlines in such facilities comprise large laboratories with 

high flux, high brilliance x-ray. With laser-like (partial coherence) configurations, such imaging 

setups deliver micro-CT imaging capacities at sub-micrometre resolutions (Anderson et al., 

2014). Data acquired with PCE-CT in synchrotron radiation facilities have provided more 

accurate information of the presence and extent of voids and spaces in root canal treated 

teeth than laboratory micro-CT (Zaslansky et al., 2011). Further, the x-ray can be used for other 

non-destructive measurement techniques that can be applied for the examination of dental 

composites. For instance, x-ray refraction is a radiographic technique that can image large 

fields of view (several mm) and can detect nanoscale size defects in composites (Müller et al., 

2018). 
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3. Research objective 

The present work investigates flaws in the structure of post-and-core restorations at 

interfaces and within materials commonly used in the clinic for rehabilitating severely 

compromised teeth following root canal treatment. It was hypothesized that the selected 

high-resolution, x-ray synchrotron imaging techniques would be able to non-destructively 

detect flaws in the structure of post-and-core restorations.  

The main objective was to develop and use a non-destructive methodology to evaluate the 

presence of defects in post-and-core restorations employing x-ray synchrotron imaging 

techniques. To do so, phase contrast-enhanced micro-computed tomography (PCE-CT) and 

synchrotron x-ray refraction radiography (SXRR) were used and the acquired data were 

evaluated qualitatively and quantitatively through image analysis. A second objective was to 

understand the prevalence and probability of occurrence of micro-gaps within chairside 

restored post-and-core restorations. For that, different components of the restoration were 

assessed for their characteristics: cement, post-and-core build-up. A third objective was to 

evaluate the attachment between the different biomaterials as well as to the tooth substrate. 

To carry it out, the attachment between tooth and cement, cement and post, core bonding 

system and tooth, as well as core build-up material and post, were estimated. 

Three papers were produced, each generating different outputs to accomplish the objectives: 

-    Paper 1: the non-destructive assessment of attachment at the interfaces between post, 

cement, and root canal wall, as well as the characteristics of the cement that might correlate 

to the prevalence of interfacial gaps using PCE-CT. 

-    Paper 2: the establishment of a non-destructive methodology to quantify interfacial gaps 

between adhesive system and tooth substrate using PCE-CT. 

-    Paper 3: the establishment of a new methodology to assess fiberglass post structure as well 

as the evaluation of the effect of post trimming for canal fitting using PCE-CT and SXRR. 
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4. Methodology 

4.1. Overview 

A summary of the methodology is surveyed in the next paragraphs. Details of each material 

and method referenced in the text can be found in the methodology sections of the three 

publications that form the core of my thesis. 

4.2. Sample preparation  

As detailed in Paper 1, human upper central incisors were obtained under an ethics-approved 

protocol (EA4/102/14) by the Ethical Review Committee of the Charité Universitätsmedizin 

Berlin. The teeth were measured, selected, and prepared following a strict protocol, described 

in paper 1. The restorative steps were systematically followed in each of the 14 samples in a 

standardized clinically relevant manner performed by one single operator. All the samples 

were kept wet throughout the treatment and in all imaging experiments to simulate clinical 

humid conditions. An illustration of the steps can be seen in Fig. 3. 

 

Figure 3: General depiction of the steps taken to produce samples for the current work.  1. An impression of 

the crown of each sample was made using a silicon putty before decoronation with a diamond-band saw. 2. Each 

root canal was treated following a strict protocol of instrumentation, irrigation, and finally canal obturation. 3. 
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Part of the obturated canal was drilled to receive a post, which was cemented with a self-adhesive composite. 4. 

The core and overall anatomy of the crown were restored using a core build-up composite attached to the etched 

and bonded cervical tooth substrate. 5. The final step was to trim and fit the samples into individual plastic vials 

padded with wet foam to keep them humid. Figure created by the author, based on her data.  

4.3. Laboratory micro Computer Tomography (micro-CT)  

A laboratory micro-CT scanner (Skyscan 1172; Bruker micro CT, Kontich, Belgium) was used to 

obtain radiographic projections of each sample according to the steps detailed in papers 1, 2, 

and 3 (Fig. 4). The images were acquired using pixel sizes between 2~14 μm at 50~100 kV with 

0.2~0.5° rotational angle steps around (360°) the longitudinal axis of the samples (1000~4000 

ms exposure times). The volumes were then reconstructed using the micro-CT manufacturer’s 

own software and algorithm (NRecon 1.7.1.0, Bruker micro-CT, Kontich, Belgium). 

 

Figure 4: Illustration of Laboratory micro-CT scanner, the sample is placed inside the micro-CT equipment on a 

rotation stage (b). A cone-shaped x-ray beam is generated (a) and used to take sequential radiographies from 

different angles of the specimen acquired by an x-ray camera (c). The acquired radiographies are then used for 

a virtual reconstruct of the tooth structure in 3D (d). Figure created by the author, based on her data.  

4.4. Use of synchrotron x-ray source for sample imaging  

Synchrotrons are large-scale research facilities mainly used for generating x-rays (Fig. 5). At 

the heart of these machines, electrons are produced with a linear accelerator and deflected 

by magnetic fields to first accelerate through a booster ring to then be stored while traveling 

at very high speeds in a second ring (main ring). Every time the electrons are deflected by 

magnets that steer the electrons inside the vacuum ring, x-rays are generated. Synchrotron x-

ray beams have very high flux and a high coherence that can be utilized in the experimental 

end station hutches of the beamlines. Different beamlines are optimized for different imaging 

techniques and/ or specific applications. Most often beamlines are composed of three main 

hutches: the first is the optics, where x-ray mirrors and crystals enable the selection energy 
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used in different experiments; the second is the experimental hutch, where the sample is 

placed and the interaction with the x-ray beam is detected; the third hutch is used for control 

or auxiliary experiments, e.g. it is where imaging settings are defined and the quality of the 

acquired data is verified. 

 

Figure 5: Schematic representation of a synchrotron facility showing the different parts of its structure: the 

Linear Accelerator, where the electrons are generated; both of the rings Booster and Main, where the electrons 

are stored and constantly deflected by magnetic fields to generate high brilliance x-ray light; and an exemplary 

beamline with its optics, experimental and control hutches. Figure created by the author, based on her data.  

Two different synchrotron Beamlines were used in the present work: ID19 at the European 

Synchrotron Radiation Facility (ESRF, Grenoble, France) for papers 1 and 2, and BAMline at 

the Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung (Bessy, Helmholtz 

Zentrum Berlin, Berlin, Germany) for paper 3 (Fig. 6). 

4.4.1. Synchrotron-based Phase contrast-enhanced micro-CT (PCE-CT): 

In phase contrast-enhanced micro-CT (PCE-CT) radiographs with enhanced contrast at edges 

are generated by changes in the wave propagation of the x-ray beam (Baruchel et al., 2001). 

It relies on the subtle differences between densities of the materials comprising the structures 

and leads to better contrast in the projections so that finer details in density fluctuations can 

be observed (Betz et al., 2007). For PCE-CT, propagation phase-contrast enhancement is 

achieved by an increased distance between sample and detector leading to significant edge 

enhancement, an intensification of the contrast at the edges of the imaged features (Fig. 6) 

(Cloetens et al., 1996). Phase-contrast imaging increases the contrast by about two orders of 
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magnitude as compared to attenuation-based methods (Lewis, 2004). The use of a parallel 

beam allowed imaging at sub-micron pixel sizes (0.64 – 0.876 µm). In synchrotron beamlines, 

high-resolution images are acquired using high-end large detectors with high speed and high 

magnification capabilities. PCE-CT was used in all papers 1, 2, and 3. 

 

Figure 6: Schematic illustration of an imaging experiment using phase contrast-enhanced micro-CT (PCE-CT), 

the x-ray beam reaches the experimental hutch with the selected wavelength and energy. The sample placed on 

a rotation stage is imaged in different angles by a highly sensitive detector. Importantly, an increased distance is 

needed between the sample and detector (discontinued line) to induce edge enhancement (Cloetens et al., 

1996). Figure created by the author, based on her data.  

4.4.1.1. Image Processing and Reconstruction  

PCE-CT data reconstruction occurs in several steps and includes pre-processing/filtering 

(normalization), contrast adjustment (phase-retrieval), and 3D reconstruction (Fig. 7) before 

quantification and/or visualization (2D slices and 3D renderings). In the pre-processing step, 

the raw radiographies or projections acquired during the experiment are normalized. To do 

so, multiple images of the x-ray beam on (flat fields) and off (dark field) are used. Flat fields 

unify the intensities across the images and eliminate noise due to the variations in the beam 

flux, intensity fluctuations, presence of streaks and speckles in the imaging system. And dark 

fields are used to remove noise generated by the detector electronics. Contrast-adjustment 

by phase processing yields contrast enhanced radiographs filtered employing phase retrieval 

using Paganin-based filtering (𝛿/β ratio of 200, Mirone et al., 2014). In the reconstruction step, 

full volumes were reconstructed by the back-projection method (Nrecon 1.7.1.0, Bruker 

micro-CT or Octopus v. 8.5 (Vlassenbroeck et al., 2007) for Bessy data, and PyHST for ESRF 

data). A horizontal stitching mode was specifically used for samples wider than the detector 

field of view. 
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Figure 7: Illustration of steps required for image processing 1. Normalization of the Raw Projections (RP) 

acquired with PCE-CT was done by subtracting the Dark Filed Projection (DF) and dividing by the Flat Fields 

Projections (FF). 2. Phase retrieval was performed on the Normalized Projections (NP) using the Paganin-based 

filtering (𝛿/β =200; Mirone et al., 2004) generating Phase Retrieved Projections (PRP) with higher contrast. 3. 

Reconstruction of the volumes were performed using a back-projection method to generate Virtual Slices (VS) 

and Volume Renderings (VR) of the imaged samples. Figure created by the author, based on her data.  

4.4.1.2. Image Analysis and Segmentations 

The reconstructed volumes consisted of grayscale images rich with information about the 

interaction of different materials and tooth substrate. Each gray value present in the volumes 

corresponded to a different component in the sample (biomaterial or dental tissue). The 

different gray values could all be visualized in a histogram, which also showed the frequency 

of their appearance in the images. Sample components that were more prevalent in the 

volume showed up as higher peaks in the histogram, while less prevalent components with 

more gray variation are portrayed as wider and shorter peaks. The different components can 

then be separated or segmented from the volumes by cropping the desired areas of the 

histogram, also known as thresholding (Fig. 8). 

Different computer softwares were used to visualize and segment the volumes in the present 

work. In paper 1, manual measurements were performed using ImageJ (ImageJ 1.52d, 
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National Institutes of Health, Rockville, USA) and renderings with CTvox (Bruker micro-CT, 

Kontich, Belgium) as explained in the Materials and Methods of the paper. In papers 2 and 3, 

different components in the volumes were segmented by value (histogram 

cropping/threshold) and shape using ImageJ and Amira (AmiraZIBEdition version 2020.48, 

Zuse Institute Berlin (ZIB), Germany, and Thermo Fisher Scientific, Bordeaux, France). 

 

  

Figure 8: Schematic representation of image segmentation. 3D reconstructed data volumes from PCE-CT are 

composed of grayscale images (a). The gray values can be compiled and visualized in the form of a histogram (b). 

The different gray values represent different components of the original image and can be segmented by 

threshold (c) of the histogram (histogram cropping). 

4.4.2. Synchrotron X-Ray Refraction Radiography (SXRR) 

Single fiberglass posts were imaged by synchrotron-based x-ray refraction radiography (SXRR) 

in a synchrotron facility (BAMline at Helmholtz-Zentrum Berlin, Germany). A schematic of the 

experiment is shown in Fig 9. As detailed in paper 3 of the present thesis, the SXRR uses the 

ability of an analyser crystal (b, Fig. 9) to angularly separate the x-rays refracted at different 

interfaces. It is placed between sample (a, Fig. 9) and detector (c, Fig. 9). The analyser crystal 

only discriminates refracted x-rays within its scattering plane (blue plane, Fig. 9), thus the SXRR 

resulting images depend on the orientation of the inner surfaces of the fiberglass post. Once 

the fiberglass posts were positioned vertically, meaning, with its fibres parallel to the 

scattering plane (∥, a & d, Fig. 9), only flaws and cracks that might appear perpendicular to the 

post longitude could be revealed. While when the fiberglass post was positioned 

perpendicularly (⟂, a & d, Fig. 9) to the scattering plane, the flaws that were longitudinal or 

appeared in between fibres could be revealed.  
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Figure 9: Schematic image of synchrotron-based x-ray Refraction Radiography (SXRR) imaging (red arrow line 

= x-ray beam) of fiberglass posts (a) the samples were positioned first parallel (∥) and then perpendicular (⟂) to 

the scattering plane (blue plane) and scattering vector (blue arrow) of the analyser crystal (b). The images were 

acquired by a detector (c), and depicted flaws (d, yellow lines) perpendicular to the fiberglass long axis (∥, when 

the sample was parallel to the scattering plane) or longitudinal flaws (⟂, when the samples were perpendicular 

to the scattering plane). Figure created by the author, based on her data.  

4.5. Scanning Electron Microscopy (SEM)  

Scanning electron microscopy (SEM) was used in paper 1 for the supporting information 

section. Samples were cross-sectioned and dried to be imaged with the SEM (Phenom XL, 

Thermo Fisher Scientific, Massachusetts, USA) as described in the supporting information. 

Images acquired with SEM were used to validate the capacity of PCE-CT to reveal all the 

components and flaws present in the sample's structure. 

4.6. Statistical Analysis 

Statistical comparison between different parameters in two independent groups on papers 1 

& 3 was tested using either a parametric (t-test) or a non-parametric test (Mann-Whitney) 

depending on the data’s normal distribution. In paper 1, a 2-way ANOVA test with a t-test 

(LSD) post hoc test was also used for the statistical comparison of 4 independent groups with 

normally distributed data. Pearson correlation test was used in paper 1 to test the linear 

correlation between different variables. The significance level was p<0.05 for all the tests.  
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5. Main results 

5.1. Overview  

This work focused on revealing and assessing flaws in the structure of post-and-core 

restorations. Complementary aspects of the restorations were investigated generating 3 

papers. In paper 1, post cementation inside the root canal was imaged and assessed. In paper 

2, a novel method was established for imaging and measuring gaps in bonding sites of the core 

build-up to the tooth structure. Finally, in paper 3 fiberglass posts structures were assessed 

for damage with or without diamond bur trimming. The results for each paper are briefly 

summarized in the following paragraphs. Further details and figures are presented in the 

published papers attached. 

5.2. Results from Paper 1  

In paper 1, we were able to successfully assess the attachment at the interfaces between post, 

cement, and root canal wall in post-and-core restorations prepared with a self-adhesive resin 

cement (RelyX Unicem 2) and two different types of posts: fiberglass and titanium. 

Furthermore, we were able to assess factors that correlated to the prevalence of interfacial 

gaps. 

The laboratory micro-CT generated volumes provided the overall geometry of the samples, 

which were then used for planning of the high-resolution experiment using PCE-CT (example 

in Fig. 10, for more detailed figures, see paper 1, Fig. 1 & 2). High tooth density and low 

attenuation from the self-adhesive resin cement limited the visualization of the root canal 

restorations when imaged with laboratory micro-CT. The cervical first millimetre of the canal 

was imaged using PCE-CT, which produced high-quality images validated by SEM micrographs 

as shown in paper 1, Supporting Information, Figure S1.  
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Figure 10: representation of the resulting images from Paper1. The samples (a) were imaged with Laboratory 

micro-CT (b), and the resulting volumes were used for examining the overall geometry of the post-and-core 

restoration. The specific cervical 1st mm of the canal was selected for imaging with PCE-CT (c), which revealed 

interfacial gaps between tooth and cement (white arrowheads). Tooth (T), Cement (C), Fiberglass Post (P). Scale 

bar: 500 µm. Figure created by the author, based on her data.  

PCE-CT volumes revealed multiple components within the sample: root canal dentin, self-

adhesive resin cement, fiberglass and titanium posts, and remnants of root canal sealer (an 

epoxy resin-based sealer, AH Plus, Dentsply Sirona, Ballaigues, Switzerland) - used for canal 

obturation. Flaws in the restoration were also revealed: pores, gaps, and delamination. The 

morphology of the restorations was examined in virtual cross-sectional slices along the sample 

long axis at every 100 µm. All the measured parameters averages and standard deviations are 

shown in paper 1, Supporting information, Table S1. Canal perimeter, canal area, post 

perimeter, post area, cement layer area, gap perimeter, sealer covered perimeter are 

tabulated by the depth and divided into two groups. 

Due to the canal taper and the post structure, the amount of cement in the canal decreased 

by depth as shown in the graph in paper 1, Fig. 3b. There was a steady amount of interfacial 

gaps between root canal wall and self-adhesive resin cement of ~45% along the canal (paper 

1, Fig. 3c); while there was a persistent amount of canal sealer remnant at the same interface 

of ~10% along the canal (paper 1, Fig. 3d). There were no interfacial gaps between post and 

cement, and no statistically significant difference between all measured variables in fiberglass 

and titanium posts restorations (paper 1, Supporting information, Table S1). The presence of 

sealer remnants, the cement area, as well as the perimeter and area of the canal were 

moderately correlated to the prevalence of interfacial gaps (Pearson correlation test, r = 0.52 

~ 0.55, p < 0.001, in paper 1 Supporting information, Table S1). 
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5.3. Results from Paper 2  

In paper 2, we effectively established a methodology to quantify interfacial gaps between a 

universal adhesive system (tested on the bonding system Futurabond U) and tooth substrate, 

and the morphology and distribution of the gaps could be evaluated in detail without sample 

slicing. 

Laboratory micro-CT scans were used to identify and select the area of the adhesive system 

used for core build-up bonding to the tooth cervical area (paper 2, Fig. 5). In Laboratory micro-

CT scans the adhesive showed as empty spaces beneath the core, due to its low absorption 

coefficient. The settings and post-processing steps established in paper 2 to acquire the PCE-

CT volumes from post-and-core restorations were effective in revealing not only the adhesive 

layer but also gaps at the interface between tooth and adhesive (paper 2, Fig 2-7). The use of 

PCE-CT also clearly revealed the micromorphology of the dentin tubules as well as their spatial 

distribution. 

The amount, extension, and thickness of the interfacial gaps between adhesive and dentin 

were able to be measured non-destructively, as high-quality with high-resolution volumes 

from PCE-CT were segmented through threshold and label selection (further details in paper 

2, Image analysis section). In the examined samples, interfacial gaps occupied on average 34% 

(±15%) of the interface and were between 2 and 16 µm thick. The gaps were non-uniformly 

distributed at the interface and some sides of the sample's core seemed almost completely 

detached from the tooth (paper 2, Figure 7). 

5.4. Results from Paper 3 

In paper 3, we were able to establish a new methodology to examine the micromorphology 

and integrity of fiberglass posts, especially the integrity of single fibers in the post. 

Furthermore, we successfully assessed the effect of diamond bur trimming on the post 

structure. 

SXRR provided 2D images (radiographies) that revealed the flaws in fiberglass at a nanoscale 

resolution (at least x10 < 4 µm). While the posts were perpendicular (⟂) to the scattering 

plane of the analyser crystal, the interfacial gaps between glass fibres and the composite 

matrix were shown as highly prevalent (bright lines) throughout the structure of the post 

(paper 3, Fig. 2). Scans of posts parallel (∥) to the scattering plane, showed that there are no 
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flaws across the structure of the post. The regions affected by diamond bur trimming showed 

a strong accumulation of defects visible in both parallel and perpendicular imaging, not only 

at the bur-touched surface but up to 50 µm deep in the post (red arrowheads, paper 3, Fig. 

2). 

PCE-CT 3D volumes revealed the 3-dimensional structure of the posts at ~1 µm resolution. 

Glass fibres, composite matrix, filler particles (oxides used to make the post structure more 

radiopaque for medical radiographies), and voids were shown in the volumes as well as their 

spatial distribution (paper 3, Fig. 3). The bur trimmed areas of the posts exhibited cracked 

fibres, glass fragments, and splinters still embedded up to 50 µm deep in the composite 

matrix. The high-quality volumes could be segmented and analysed using two different 

techniques: in 2D and 3D as described in Appendix A and B of paper 3, respectively. The results 

of the 2D analysis (paper 3, Table 1) showed the significant effect of bur-trimming on the fibres 

area, perimeter, thickness, circularity, and roundness (p< 0.001), meaning that the bur-

affected areas had substantial changes in the size and shape of the fibres. While the 3D 

analysis (paper 3, Table 2) results display the effect of bur-trimming on the 3D thickness and 

volume of the fibres (p< 0.001). The spatial distributions of the glass fibres within the 

composite matrix were not significantly altered in the bur affected regions as verified in 2D by 

the Voronoi analysis and in 3D by the Voronoi fibre distance (paper 3, Tables 1 & 2). 

Furthermore, most fibres affected or not by trimming were slightly curved, measured by the 

degree of tortuosity (paper 3, Table 2). 

PCE-CT could not reveal the same interfacial gaps between glass fibres and composite matrix 

as SXRR, due to their difference in resolution and sensitivity. However, both techniques were 

complementary to each other in assessing the bur-trimmed area, while SXRR can clearly 

identify the spot and extent, PCE-CT can reveal the morphological effects of bur-trimming on 

fiberglass posts.   
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6. Clinical implications and open research questions 

6.1. Clinical implications 

Post-and-core treatments are widely used for the restoration of endodontically treated teeth 

with a large loss of crown substrate. The long-term prognosis of post-and-core restorations is 

limited, and prospective studies have shown a mean annual failure of up to 8.6% (Kramer et 

al., 2019). Many factors can impact the prognosis of a post-and-core treatment, such as the 

type of tooth restored, the presence of a ferrule (Naumann et al., 2012) age and sex of the 

patient, proximal contacts (Kramer et al., 2019), among others. While clinical studies can 

detect the result of the treatment failure, they can only speculate about the underlying 

mechanism. Isolating each factor in vivo is a great challenge, thus there is a need for thorough 

in vitro testing. Therefore, identifying flaws in post-and-core restorations is important for 

understanding possible causes of treatment failure and ultimately for fomenting 

improvements in clinical protocols to achieve a better treatment prognosis.  

Cutting edge non-destructive imaging technology used in the present work, such as micro-CT, 

phase contrast-enhanced imaging, and refraction radiography now provides us the means to 

investigate post-and-core restorations with a level of detail that other techniques do not 

achieve. Specifically, it is now possible to reveal non-destructively the presence of micro gaps 

within a biomaterial structure or between the different restorative components. In my work, 

I established different methodologies for quantification of flaws in cement, bonding system, 

and fiberglass post, as well as discontinuities at their interfaces in a moist root canal, treated 

tooth.  

A uniform attachment between all restorative components and tooth substrate is considered 

essential to establish a stable structure, also called a monoblock (Tay & Pashley, 2007). The 

results of this work were published in three articles in internationally renowned journals. The 

results of all three publications show the difficulties in achieving a desirable sound structure 

with continuous bonding between biomaterials in post-and-core restorations. For example, it 

is clear from the data from paper 3, that trimming fiberglass posts is highly destructive to its 

structure. In papers 1 and 2, the bonding between the tooth substrate and the cement or 

bonding system, respectively, is highly inhomogeneous. Gaps at the interfaces may function 

as stress raisers that under chewing forces may increase in size, spreading throughout the 

interface which may ultimately lead to restorative failure. Further work is needed to analyse 
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the progressive effect of defects (presence of interfacial gaps) over time when the tooth is put 

into function.  

The materials selected for the present work are broadly used in current clinical practice. 

Dental materials are evaluated by biological and mechanical tests following the International 

Organization for Standardization (ISO) standards. However, the results in the present thesis 

revealed a significant accumulation of flaws in post-and-core restorations. The data presented 

here make the case for additional testing to dental materials. The present methodology can 

in the future be applied to examine new materials before their employment in inpatient care. 

6.2. Open research questions 

The insights generated in these projects open interesting new paths that could foster 

improvement in diagnosing post-and-core failures and the development of new materials.  

6.2.1. Diagnosis of post-and-core restoration failure 

Synchrotron x-rays cannot be used clinically. However, loss restorations or loss teeth from 

patients that received restorative post-and-core treatment can in the future be examined in 

high-resolution using the presently described methodology. The 3D non-destructive 

examination can generate further data about the type of failure and if one or more features 

are more prominent in teeth loss cases. Another way to correlate tooth loss to restorative 

flaws would be imaging in vitro samples before and after cyclic loading using the present 

methodology. Then, it would be possible to see where cracks can initiate in the restoration 

structure, and how they relate to flaws within and at the interface of the different materials.  

6.2.2. Development of accurate in silico testing 

With the information assembled in the present project, more accurate computer simulation 

models can be created in the future for testing the interaction between materials and tooth 

substrate in silico. Computer models that depict morphological features and the real flawed 

interaction between biomaterial and tissue could generate more precise computer 

calculations. Slight changes in different parameters in the model and mechanical simulations 

could be applied to isolate different factors and test their influence on the overall prognosis 

of the restoration. Future developments could completely replace in vitro testing of tooth 

restoration by virtual simulations without loss of predictive value.  
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6.3. Conclusion 

There is sufficient evidence to support the claim that the selected imaging techniques can 

non-destructively detect flaws in the structure of post-and-core restorations. The cutting-

edge imaging technology used in the present work is invaluable for revealing the defects in 

post-and-core restorations. Moreover, the identified flaws are possible causes of treatment 

failure. Further work is needed to analyse the progressive effect of defect under load over 

time, to correlate flaws with clinical findings and treatment survival, and to develop more 

accurate in silico models for material testing. 
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