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Introduction
Dental caries is one of the most prevalent chronic diseases  

in children and adults worldwide,1 and its treatment focuses  
on the use of dental materials to replace the infected tooth 
structure in order to restore its physical and aesthetic func-
tions. Today, resin-based composite materials represent the 
gold standard for restorative dentistry, providing optimal 
aesthetics and mechanical properties for the restoration.2 

Despite their excellent characteristics, polymerisation 
shrinkage stress (PSS) often occurs with negative clinical 
implications compromising the strength of the adhesive 
bond, which leads to post-operative sensitivity, enamel 
cracks, and marginal gap formation, and hence, secondary  
caries formation.3 In this light, the incremental filling tech-
nique, which consists of the application of several incre- 
ments of resin composite layers, which are then cured sepa- 
rately, was exploited to reduce PSS.4 Although this pro-
cedure has long been approved as a standard technique to  
ensure a proper depth of cure and decreased PSS, it may  
induce detrimental outcomes such as the formation of voids 
among layers and it is time-consuming.5 

To overcome the limitations related to the incremental 
technique, next-generation resin composites with a novel 
monomer content and improved curing properties, known 
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well-defined volume. 
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as bulk-fill composites (BFCs), have been introduced. 
BFCs can be cured at a maximal increment thickness of 
4 mm with limited shrinkage, thereby allowing clinicians 
to fill the cavity in a single step with a satisfactory cavity 
adaptation and with the consequence of simplifying the 
procedure and decreasing the chair-time needed to com-
plete the restoration.6,7 BFCs have gained popularity for 
their user-friendly application, especially for posterior res-
torations,8 and their mechanical and clinical properties are 
widely investigated in the scientific literature.4,9 In partic-
ular, due to concerns regarding PSS, further investigations 
of the internal and external adaptation of BFC are needed. 
The measurement of the shrinkage in a cavity is technically  
challenging; indeed, several in vitro methods have been 
used to analyse the PSS effect.10,11 

Micro-computed tomography (micro-CT) has recently 
been introduced to evaluate both PSS and the internal adapt- 
ation of resin composite.12 Micro-CT data can be recon-
structed 3-dimensionally (3D) to obtain, in a non-invasive 
and non-destructive way, qualitatively and quantitatively  
valuable information on factors such as gap formation 
caused by air bubbles, regardless of the object shape or its 
position.13 Micro-CT has also been shown to be a reliable 
and effective investigative tool for determining the precise 
volume and position of resin composites in cavities used as 
models.14 Because of its 3D imaging capabilities, micro-CT 
represents the preferred non-destructive method to quantify 
microleakage, obtaining accurate results on PSS.15 

This technical report aimed to describe and detail the use 
of micro-CT to obtain new parameters useful for reliable 
evaluations of internal and external voids in BFCs. 

Materials and Methods
Two separated standardized class II slot cavities, mesio- 

occlusal (MO) and disto-occlusal (DO) were prepared in  
eight extracted human third molars (for a total of 16 cavi- 
ties) that were divided, according to the filling technique  
used, in the following two groups (n =4): group A (one 
BFC single increment to the occlusal surface) and group 
B (the proximal wall was restored in order to transform  
class II into class I, then the residual cavity was filled using  
one single increment of BFC). BFC restorations in tooth 
cavities were analysed individually using a micro-CT inst- 
rument (Bruker SkyScan 1174; SkyScan-Bruker, Antwerp,  
Belgium) with the following operating conditions: voltage,  
50 kV; current, 800 μA; aluminium filter, 1 mm; pixel size,  
9.5 μm; sample rotation, 180° with 0.2° steps; exposure 

time per projection, 10 s. The tooth projections were con-
verted to cross-sectional slices by NRecon software (ver. 
1.6.10.2, Bruker, Billerica, MA, USA) with the following 
correction settings: ring artefacts, 8.0; smoothing, 6.0; 
beam hardening, 70%; and proper misalignment compen-
sation. The total number of slices was approximately 950 
for all samples, obtaining axial information on approxi-
mately 9 mm of tooth thickness with an average scan time 
of 5 hours per sample. Two-dimensional information was 
processed using specific algorithms, and ultimately a 3D 
specimen reconstruction was generated. The 3D rendering 
allowed void visualisation inside the BFC materials and 
provided quantitative measurements.16 

The 3D analysis software VG Studio MAX (Volume 
Graphics, ver. 1.2.1, Heidelberg, Germany) was used to 
perform image analysis and assess gap formation of the 
external and internal marginal adaptation. In particular, the 
Defect Analysis add-on module of VG Studio Max was 
used to evaluate internal adaptation. The operation tool was 
designed to process voxel datasets to obtain several para- 
meters for a quantitative investigation of internal defects. 
The quantified parameters consisted of the number of  
defects detected at the interface and within the restoration 

(no. of defects); the total surface of defects (DS, expressed 
in μm2); the total volume of defects (DV, expressed in 
μm3), the specific surface, defined as the ratio between the 
surface and the volume of the defects (DS/DV, expressed in 
μm-1); the mean thickness of void formation (mean thick-
ness, expressed in μm); the volume of mineralised materi-
als (enamel and dentin) and composite (MV, expressed in 
μm3); and the ratio of the latter value to the total volume 
of the defect (DV/MV, expressed as a percentage).16,17 The 
CT-Analyser software (ver. 1.17.7.2, Bruker, Billerica, MA, 
USA) was employed to create a 3D model of the defects of 
interest, coloured and superimposed onto 3D reconstruc-
tions of enamel, dentin, and restorations, by CTVOL soft-
ware (ver. 2.0, Bruker, Billerica, MA, USA).

Results
The obtained results represented 3D raw images that dis-

played voids inside the 2 BFC restorations (Fig. 1). 
In addition, Figure 2 presents the results of the analysis 

of the VG Studio MAX software, showing the analysis and 
evaluation of gap formation within the tooth restoration.

Figure 3 shows the quantification of morphometric para- 
meters related to internal microleakage, including the num-
ber of defects, DV, DS/DV, DV/MV, and mean thickness, 
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obtained by micro-CT analysis of the preliminary results of 
group A and group B. 

The processing software displayed the volume of the poro- 
sity, highlighting it with a colour. The porosity volume was  
represented using a colour scale, in which each colour quan-
titatively corresponded to a very specific volume. Further- 
more, Figure 4 shows a visual representation of the prelimi- 
nary results of the study on 2 different BFC filling tech-
niques, highlighting the 2 different shapes of defects based 
on the DS/DV values in the 3D reconstruction models. 

Discussion
The recently introduced BFCs are promising, although 

the current scientific research on their mechanical and clini- 
cal potential remains limited; therefore, further research is 
needed, especially related to internal structures and PSS  
investigation. Micro-CT, which is widely considered a 
powerful 3D imaging technique for these investigations, 
obtains images based on the principle of either absorption 
or the phase-contrast effect. Conventional X-ray imaging 

Fig. 1. Three-dimensional raw images of the same sample. Three different virtual cuts: on the sagittal plane, the mesial restoration (A) and 
the distal restoration (B); on the transverse plane, the 2 restorations (C). 

A B C

Fig. 2. Three-dimensional microtomography models of the external (A) and internal (B) marginal adaptation of BFC class II restorations. 
For both 3D models, the raw images were analyzed by VG Studio MAX software (Volume Graphics, ver. 1.2.1, Heidelberg, Germany) to 
perform image analysis and assessment of gap formation within the tooth-restoration interface. Therefore, the processing software makes it 
possible to quantify the volume of the porosity, highlighting it in red (white arrow). The colour was used to highlight the presence of a gap 
and to define the volume of porosity on a colour scale in which each colour quantitatively corresponds to a very specific volume.

A

B
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relies on image formation from differences in X-ray absorp- 
tion in the sample.18 The settings proposed in this technical 
report are usually used for investigating dense structures, 
such as teeth: in this case, micro-CT is based on the map-
ping of the linear attenuation coefficient of the X-ray cross-
ing the analysed sample, and the attenuation depends upon 
the density of the dental tissue. Among the parameters  
investigated in this study, DS/DV provides fundamen-
tal information on the defect shape, since it represents a 
morphometric parameter that remarkably contributes to 

the analysis of microleakage and bubble formation during 
BFC restorations. Indeed, higher DS/DV values imply a 
more oriented laminar defect shape, which usually occurs 
at tooth-restoration interface. In contrast, lower DS/DV 
values indicate the presence of defects with a bulky shape, 
possibly internal voids (e.g., air bubbles) and gaps that are 
usually found within the restoration. Therefore, it is note-
worthy that the colour produced by the processing software  
not only serves to highlight the presence of a gap, but repre- 
sents the volume of porosity on a chromatic scale in which 

Fig. 4. Preliminary results of the study on 2 different bulk-fill composite filling techniques. A. The micro-computed tomography (micro-CT) 
3-dimensional (3D) reconstruction of group A highlights in red the irregular geometrical shape of the defect, which represents gap formation 
inside the restoration (black arrow). B. The micro-CT 3D model reconstruction of group B displays in yellow a laminar shape of the defect on 
tooth-restoration interfaces, extending to the cavity wall (white arrow). C. The graph shows that group A have lower DS/DV values than group 
B. This result was confirmed by the 3-dimensional models of the samples. DS/DV: the ratio between the surface and the volume of the defects.

A B
C

Fig. 3. Comparative histograms of morphometric data from groups A and B. A. Number of defects. B. DV. C. DS/DV. D. DV/MV. E. Mean 
thickness.

A

D

B

E

C
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each colour quantitatively represents a well-defined vol-
ume. This information is fundamental for better under-
standing the real entity of the defect, if it consists of a void, 
or if it represents the adhesive layer between the BFC and 
the tooth. One of the limitations of micro-CT relates to the 
discrimination between adhesive material and void, since 
materials lacking radiopacity and with low or no filler con-
tent, as is the case for dental adhesives, are difficult to visu-
alise through the software reconstruction. Therefore, studies  
based solely on micro-CT data are not sufficient to definite-
ly state whether defects founded on the internal margin are 
really constituted by void formations or are areas filled with 
the adhesive material. For this reason, the use of comple-
mentary techniques is fundamental to complete the investi- 
gation,19 and evaluate those areas where micro-CT had indi- 
cated a hypothetical gap formation. In previous studies, the  
combination of different methods of analysis, such as micro- 
CT, scanning electron microscopy, and energy-dispersive 
X-ray spectroscopy was already validated.16 This combined 
analysis makes it possible to obtain a proper visualisation 
of void formation on the tooth-restoration interface, provid-
ing reliable and objective information both on the morphol-
ogy and chemical composition of the analysed samples.17  
Regarding the tooth-restoration interface, this method can 
be considered particularly helpful for researchers and clini-
cians, providing the opportunity to assess the effect of res- 
torative procedures from different points of view, although 
further studies are needed to confirm the results obtained.

In conclusion, the micro-CT technique is an accurate and  
reliable tool to evaluate the BFC/tooth interface in a non- 
destructive way, thus providing a new, safe, feasible, and re-
liable methodology for analysing restorative materials. Fur-
thermore, the various parameters proposed are very useful  
for a better overview of the real extent of gaps. Therefore, 
the combination of complementary laboratory techniques 
with micro-CT makes it possible to achieve a robust over-
view and better understanding of 3D reconstruction data.
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