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Abstract Composite restorations are widely used world-
wide, but the polymerization shrinkage is their main dis-
advantage that may lead to clinical failures and adverse
consequences. This review reports, currently available
in vitro techniques and methods used for assessing the
polymerization shrinkage. The focus lies on recent methods
employing three-dimensional micro-CT data for the eval-
uation of polymerization shrinkage: volumetric measure-
ment and the shrinkage vector evaluation through tracing
particles before and after polymerization. Original research
articles reporting in vitro shrinkage measurements and
shrinkage stresses were included in electronic and hand-
search. Earlier methods are easier, faster and less expen-
sive. The procedures of scanning the samples in the micro-
CT and performing the shrinkage vector evaluation are
time consuming and complicated. Moreover, the respective
software is not commercially available and the various
methods for shrinkage vector evaluation are based on dif-
ferent mathematical principles. Nevertheless, these meth-
ods provide clinically relevant information and give insight
into the internal shrinkage behavior of composite applied in
cavities and how boundary conditions affect the shrinkage
vectors. The traditional methods give comparative infor-
mation on polymerization shrinkage of resin composites,
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whereas using three-dimensional micro-CT data for volu-
metric shrinkage measurement and the shrinkage vector
evaluation is a highly accurate method. The methods
employing micro-CT data give the researchers knowledge
related to the application method and the boundary con-
ditions of restorations for visualizing the shrinkage effects
that could not be seen otherwise. Consequently, this
knowledge can be transferred to the clinical situation to
optimize the material manipulation and application tech-
niques for improved outcomes.

Keywords Polymerization shrinkage - Dental resin
composites - Contraction stresses - Medical image
registration - Micro-computed tomography

Introduction

More than 260 million direct composite restorations are
placed worldwide each year [1]. They became the first
choice for direct anterior and posterior restorations owing
to their satisfactory esthetic quality, conservation of tooth
structure compared to indirect restorations, repairability
and their reasonable cost. Their main disadvantage is their
contraction upon polymerization [2]. When bonded to
cavity walls, they are restricted to contract freely which
inevitably leads to shrinkage stresses at the cavity walls
with possible detachment and gap formation. The interfa-
cial contraction stresses depend on the total volumetric
material shrinkage and the ratio between the free to the
bonded surfaces or what has been termed as cavity con-
figuration or C-factor [3]. Interfacial contraction gaps result
in microleakage with increased likelihood of post restora-
tion hypersensitivity, adverse pulpal consequences, mar-
ginal discoloration, recurrent caries, pulling action on
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cusps and possible cracking in enamel [4-9]. Current
practice of restorative dentistry includes a significant part
in replacing failed composite restorations, consistent with
the repetitive restorative cycle described by Elderton
[2, 10]. Factors related to the patient, operator, tooth, cavity
size, and materials have been reported in the literature as
potentially relevant for restoration failures, although evi-
dence of this is still limited [2].

Composition of dental resin composites

Typically, a resin composite is composed of three major
components: organic matrix of polymeric chains and cross
linking agents, inorganic filler particles, coupling agent.
Additionally, a number of initiator-activator systems are
incorporated for the polymerization reaction to take place.

Composites are classified according to the functional
group determining their cure into pure methacrylates, acid
modified methacrylates and ring opening epoxides. Pure
methacrylates include the classical dental matrix that is
composed of Bis-GMA, UDMA and TEGDMA [11].
Classical ormocers differ from the classical monomers in
the non-reactive part, the Si—-O-network. The acid modified
methacrylates consist of compomers which have a more
hydrophilic monomer component due to the carboxylic
group in addition to the ormocers with carboxylic function.
The last group consists of the ring opening epoxides, the
siloranes, that are characteristic for their lower shrinkage
than the conventional composite matrix [12].

In today’s composites, fillers constitute the major por-
tion of the composite by weight. They are added to the
resin matrix to reduce polymerization shrinkage and stress,
to reinforce the resin matrix, and to improve the optical
properties of the material with a special respect to
translucency. The fillers are inorganic particles with vari-
ability in size and size distribution such as finely ground
quartz or glass, sol-gel derived ceramics microfine silica,
or nanoparticles. Most glasses contain heavy-metal oxides
such as barium, zinc, yttrium fluoride, or ytterbiumtrifiu-
oride for radiopacity. Fillers are usually silanized to bond
to the organic matrix and transfer the stresses to the fillers.
However, some researchers kept fillers nonbonded for
stress reduction [13]. Fillers upgrade the materials’ physi-
cal and mechanical properties through even minute addi-
tion of separate components. Therefore, mixtures of large
and small fillers are used to incorporate as many fillers as
possible [12].

The manufacturers surface-treat the fillers by a silane
coupling agent to form a bond between the inorganic and
organic phases of the composite. The coupling agent
strongly binds the filler to the resin matrix, thereby
enhancing the mechanical properties of the composite by
transferring the stresses from the mechanically weak
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matrix to the stronger filler in addition to providing a
hydrophobic environment that minimizes water absorption
[14].

The function of the initiator-accelerator system is to
initialize the network forming polymerization. The poly-
merization reaction can be started by light-activation,
chemical activation, and dual curing which is chemical and
light-curing together. Light-activation is usually achieved
with blue light at a peak wavelength of 470 nm that is
absorbed by a photosensitive agent, most commonly
camphorquinone 0.1-1.0 %. The free radical reaction is
accelerated in the presence of an organic amine. The dis-
advantage of camphorquinone is its yellowish tint and the
toxicity concerns over the amine co-initiator that is used
with camphorquinone [15]. In the silorane composite,
camphorquinone, iodonium salts and electron donors gen-
erate cations that start the ring opening polymerization
process [11].

Alternatives to camphorquinone/amine systems are the
phosphine oxide initiators. They initiate through a cleavage
mechanism that does not require a co-initiator. They absorb
in the visible range, however, exhibit little absorption
beyond 420 nm and are, therefore, not ideal for use in
dental applications, as dental curing lamps are designed to
match the absorbance spectrum of camphorquinone at
470 nm. On the other hand, Lucirin TPO is an acyl phos-
phine oxide that bleaches out after polymerization, there-
fore, it can be used for composite bleach shades or
colorless protective varnishes. Another initiation system is
based on benzoylgermanium derivatives that undergoes
photodecomposition to form radicals without the need for a
co-initiator. Bulk-fill composites are intended for use in
increments up to 4 mm, which is achieved by a combina-
tion of camphorquinone, phosphine oxide and a germanium
based photoinitiator as Ivocerin. It allows curing in large
increments with an absorption maximum in the blue light
range around 370-460 nm [16]. It is more reactive than
camphorquinone or Lucirin TPO resulting in more rapid
polymerization with greater depth of cure [15, 16].

Polymerization kinetics

The free monomer molecules are loosely bonded by weak
van der Waals force and upon polymerization, the mono-
mers are tightly linked by covalent bonds in a polymer with
a smaller distance between the molecules leading to
polymerization shrinkage.

Polymerization contraction strain is time-dependent and
proceeds in two stages: pregelation and post-gelation, or
rigid contraction [17]. Two macroscopic demarcations
occur during polymerization: the gel point conversion at
which an incipient gel is formed. The second macroscale
demarcation is the vitrification point which represents the
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conversion at which the polymer becomes glassy, accom-
panied by an increase in modulus. These polymer networks
are extremely heterogenous which grow from microgels
arising near sites of initiation [15]. Plastic flow occurs
during the initial phase, and internal stresses within the
material undergo stress-relaxation, while stress develop-
ment occurs beyond the gel point and its magnitude
depends on the elastic modulus [18].

Hardness is taken as an indirect measure for the degree
of cure, and is measured in a longitudinally sectioned
specimen from the top of restoration until the bottom, with
decreasing hardness values denoting decreasing degree of
conversion with increased thickness and distance from the
light source [19, 20]. Over 20 years ago, the question about
anisotropy of the cure pattern was raised with possible
variation of shrinkage patterns within the material, relative
to the initiating light source, with respect to material
thickness and surface area. In cases where material speci-
mens are imperfectly cured, the measured shrinkage will be
correspondingly reduced [20-22].

In recent studies, light beam profiles and their effect on
the polymerization of the composites were investigated.
Irradiance values calculated by conventional methods
assume power uniformity within the light beam but do not
describe the distribution of the irradiance delivered. Beam
profilers investigated the optically active emitting area, the
mean irradiance and the irradiance distribution with dif-
ferences among various light-curing units. This could
propose improper curing of deeper parts of a restoration
due to beam inhomogeneity [23, 24]. However, longer
curing time could improve the polymerization properties of
conventional and bulk-fill composites [25].

Degree of conversion and depth of cure

The “depth of cure” (DOC), usually referring to the
thickness of a resin composite that is “adequately” cured,
is limited by light absorption and scatter within the mate-
rial, which are influenced by numerous factors, including
the amount, size and type of fillers [2, 4], RBC shade [5-7],
photoinitiator type and concentration [8, 9], refractive
index mismatch [2], light irradiation source and irradiation
duration. The degree of conversion (DC) refers to the
percentage of C=C that have been converted into single
bonds to form the polymer chains. The higher the degree of
conversion the better the mechanical and physical proper-
ties and clinical reliability of the composite material. The
light intensity and light polymerization mode can influence
the polymerization shrinkage developed by dental com-
posites [26].

Several methods have been used to assess the DOC. A
simplistic method has been described in the ISO 4049
standard and is based on measurement with a micrometer

of the thickness of the RBC that remains after removal of
uncured soft material with a plastic spatula [13]. Other
groups have used a penetrometer to measure the DOC
based on application of a needle with a constant force to
the lower side of the RBC sample [7, 9, 14]. Alternative
methods include measurement of the degree of conversion
(DC), by Raman or FTIR spectroscopy [15], or of the
microhardness (MH) [5, 11] at regular intervals through the
depth of the material. Based on these measurements, the
DOC is usually described as the depth at which the MH or
DC value equals the surface value multiplied by an arbi-
trary ratio, usually 0.8 [5, 16]. Several factors suggest,
however, that these methods might not be appropriate to
measure the quality of cure of a RBC at depth. When
considering the DC at depth, it is difficult to determine
which DC corresponds to “adequate” polymerization. In
fact, the DC value on its own is insufficient, as it does not
provide any information on the state of network develop-
ment, i.e., the degree of cross-linking. The highly cross-
linked nature of dimethacrylate-based polymers is
responsible for a non-linear polymerization process,
marked by two macroscopic changes of state: first, gela-
tion, which refers to the change from a viscous liquid to an
elastic gel (infinite network) occurring at a relatively low
DC [27].

The “total energy concept” states that the process of
light-induced polymerization is energy dependent and
basically a product of light intensity and time. Peutzfeldt
and Asmussen stated that the kinetics of polymerization is
complex, and it was hypothesized that degree of cure,
flexural strength, and flexural modulus were influenced not
only by energy density, but also by power density per se
particularly in stress bearing areas [28], adequate poly-
merization could be considered a crucial factor in obtaining
good clinical performance of resin composites [29]. How-
ever, higher DC is accompanied with a high degree of
polymerization shrinkage and greater risk of interfacial
gaps formation [26, 28].

Polymerization shrinkage and shrinkage stress

Since the use of resin composites as restorative materials, a
lot of research has been conducted in the field of poly-
merization and its effects as shrinkage and stress. In vivo
tests focus on the indirect evaluation of gap formation by
the resin replica technique [30-32]. In vitro test methods
investigate the composite in form of a material sample or
applied within a cavity prepared in human teeth [33] or
other material such as resin composite or ceramic blocks
[19, 34].

Composites undergo volumetric shrinkage of 2-6 %
upon setting, which creates 5—15 MPa contraction stresses
between the composite and the tooth, straining the
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interfacial bond, leading to debonding, microgaps and
cuspal deflection [5]. This stress can even exceed enamel’s
tensile strength and result in stress cracking and enamel
fractures along the interfaces. Restorative failures as
hypersensitivity, pulpitis and secondary caries may occur
[6, 7, 35, 36].

The greater the volumetric shrinkage, the greater is the
shrinkage stress for a comparable elastic modulus. The
development of shrinkage stress depends on the volumetric
shrinkage strain and the stiffness of the composite at the
time of shrinkage; even low-shrinkage composites might
exhibit high stress when having a high elastic modulus. A
2 mm incremental application of composite and polymer-
izing each increment independently is usually advised to
ensure a full depth of cure and to reduce the net effect of
polymerization shrinkage. Net shrinkage stress is assumed
to be less because a smaller volume of composite is
allowed to shrink before successive additions [11]. On the
other hand, Versluis et al. showed that the incremental
application combined with a well-established bond to the
tooth increased the deformation of the restored tooth and in
turn the stress level within the tooth-restoration complex
[37].

Feilzer et al. showed that the stress development in a
bonded composite restoration depends on the restoration
geometry, in that the pregelation flow of the material is
inhibited when the ratio of the bonded surface exceeds a
certain limit; the magnitude of stress can be estimated
through the C-factor (configuration factor) which is the
ratio of bonded to unbonded areas. The higher the C-factor,
the greater the stress level. This observation is related to
the description of shrinkage as a vector, having both
magnitude and direction [5]. Other studies criticized that
the C-factor does not take into account the volume of the
applied composite, and Braga et al. related shrinkage stress
to microleakage in restorations of larger size [38, 39].

The polymerization shrinkage stress can be measured by
various methods. Early shrinkage stress measurements
were performed by Bowen [40, 41] and Hegdahl [42] using
a Universal Testing (Instron) machine (UTM), while a
servo-hydraulic UTM was used by the ACTA group of
Davidson, Feilzer, de Gee and Alster who achieved major
insights and developments, including the effect of C-factor
on the stress magnitudes and eliminating the effect of
system compliance. Unfortunately, this approach is
expensive and complex, in addition to the basic limitation
of eliminating compliance for load measurement systems
as they imply finite compliance. [43-49]. An apparatus
with a controlled compliance to measure contraction stress
was developed by Sakaguchi et al. in which the composite
specimen is located between a glass plate, and a steel rod
measures the developed force upon curing [50]. Polymer-
ization shrinkage stress is also determined by a tensiometer
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[5, 48, 51] and strain gauges [52]. A stress—strain analyzer
testing machine was developed by Dullin [53] and mea-
sures the shrinkage stress with and without compliance
[54, 55].

Alternatively, photo-elastic and Moire methods are
based on optical fringes [56-61], while the finite element
modeling (FEA) consists of a computer based model that
determines the type and location of stresses in the model
structures [62, 63]. Shrinkage strain-rate and stress is
measured during polymerization with a tensiometer which
is based on the cantilever beam deflection theory [64—66].
The “ring-slitting method” evaluates residual shrinkage
stresses in composite: ring-shaped specimens are cured and
slit for the evaluation of the gap distance due to stress
release then gap measurements are evaluated with an image
analyzer program [67, 68]. The Bioman shrinkage-stress
instrument was designed to overcome the difficulties
encountered with the servo-hydraulic UTM and its function
is based on the fixed beam compliance [39, 49]. Variations
in final stress values are found in the literature which can
be attributed to the various testing techniques and system
compliances. To obtain data that can be related to the
clinical situation, the instrument compliance should
preferably be similar to that of the prepared tooth [69].

Methods for measuring polymerization shrinkage

Various devices and methods have been used for measuring
the polymerization shrinkage in terms of volumetric and
linear shrinkage, cuspal displacements, indirect techniques
as microleakage, finite element analysis and through the
use of three-dimensional micro-CT data.

Volumetric shrinkage measurement

Early attempts to evaluate the polymerization shrinkage of
resin composites consisted of measuring the volumetric
loss due to the polymerization shrinkage. Volumetric
shrinkage can be measured in a mercury dilatometer by
determining the linear height changes of a column of fluid
connected to a reservoir surrounding the sample. The
capillary tube is read like a thermometer [14, 70, 71]. The
disadvantages of this method are the potential for errors
due to small temperature changes by composite polymer-
ization which can affect the liquid volume; tedious speci-
men preparation is needed and flowables cannot be
measured [72-74]. Access of the light source and opacity
of the mercury are difficulties with light-cured dental
materials [22]. Due to the potential for environmental
mercury contamination and toxic mercury vapors, water-
filled dilatometers are preferred. However, the most critical
factor for the successful application is maintaining a
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constant temperature environment for the dilatometer
during shrinkage test [75, 76]. The heat from the light
source in addition to the heat of the exothermic polymer-
ization reaction contribute to an unavoidable increase in
temperature upon curing.

Yamamoto et al. measured the polymerization shrinkage
of flowables in a water-filled dilatometer and with speckle
contrast measurement. The flowable composite is con-
densed into a glass tube, irradiated, and the laser-speckle
field is recorded in a digital frame [77]. The water-filled
dilatometer is also indicated for shrinkage measurement of
other types of composites, not only flowables [78].

Measuring the density change of composites before and
after polymerization can be done by a gas pycnometer that
determines the volume of samples before and after poly-
merization without contact, and the difference in volume is
calculated [79] or by measuring the specific gravity dif-
ferences between cured and uncured composite test speci-
mens using a modified version of ASTM method D792
“Specific Gravity and Density of Plastics by Displace-
ment” [80]. Buoyancy (density in water) measurements
determine the volumetric polymerization shrinkage of
composites in real time by measuring the buoyancy change
of the specimen in distilled water [81]. The Archimedes
method measures the actual shrinkage in volume according
to the buoyant force principle [82] and this method was
developed into a German Standard (DIN 13907/2005)
[83-85]. When testing hydrophilic materials, as compomer
or flowables, water sorption is a disadvantage with the
Archimedes method that can be overcome by an alternative
medium to water, such as oil or mercury.

Naoum et al. quantified the polymerization shrinkage
with an electromagnetic balance by recording changes in
the composite buoyancy during polymerization; it mea-
sures real time volumetric shrinkage at small intervals [86].
Volumetric shrinkage is obtained by video-imaging using
AcuVol (Bisco Inc., Schaumburg IL, USA) and sample
imaging by a digital video-camera [7, 87].

The volumetric shrinkage is approximately equal to
three times the linear shrinkage provided the shrinkage
occurs identically in all directions [81, 88]. Isotropic
shrinkage is shrinkage equal in all directions, which is
hardly the case in a restorative material applied into a tooth
cavity, as it is confined by the cavity’s boundaries and
associated boundary conditions.

Linear shrinkage measurement

Early measurements of linear shrinkage were determined
on a cylinder of material utilizing a dilatometer, and the
shrinkage percentage equals the difference in length over
the original length [89]. The most common measurement
for polymerization shrinkage is the bonded-disc method by

Watts and Cash, also referred to as the “Watts method”
[22]. An earlier precursor was described by Wilson [90]
and Bausch et al. [17]. Linear shrinkage measurements are
computed with linear displacement transducers such as
linear variable differential transformer (LVDT) and the
bonded-disc method which has been internationally adop-
ted by a number of academic and industrial research lab-
oratories [22, 84, 91]: a disc-shaped specimen of uncured
composite is positioned at the center of a ring attached to a
glass slide and covered by a flexible microscope coverslip
on which the LVDT probe is placed for measuring the plate
deflection; the material is light cured and data are recorded
over time by a computer. The bonded-disc method results
in lower shrinkage values because only the linear shrinkage
of a bonded composite disc is measured and then converted
into volume percent. However, the Archimedes method
measures the actual volumetric shrinkage according to the
buoyant force principle, and both methods are showing a
high correlation [82]. Advantages of the bonded-disc
method include the adjustment of a defined C-factor, the
shrinkage direction is governed by the configuration rather
than the direction of light application, axial shrinkage
strain corresponds to volumetric shrinkage, specimen
diameter matches that of the light guide tip, complete cure
of the specimen due to low thickness, and the ease and
convenience of use [91].

Various techniques for linear polymerization measure-
ments involve strain gauges [52, 92, 93], a microscope [43]
and the linometer whose results are in agreement with
those obtained with the mercury dilatometer [94]. When a
direct contact displacement transducer such as a strain
gauge is employed, some mechanical resistance must be
overcome to produce deformation of the gauge. Conse-
quently, the polymerization shrinkage before the gel point
is compensated by flow of resin and only the post-gel
contraction is assessed [92].

The scanning laser beam determines the linear poly-
merization shrinkage of light-cured composites, in which
the sample is unaffected by the measurement technique and
small samples could be analyzed with great accuracy [95].
A laser interferometric method consists of a low power
Helium—Neon laser, a Michelson interferometer, amplified
photodiode detectors, and a computer data acquisition
system. The method measures linear polymerization
shrinkage in composites which is expressed as the percent
linear contraction [96].

Another method is the 2D particle tracking method in
which an optical instrument measures the linear shrinkage
without directly contacting the specimen and the images
are processed by a custom made software for image pro-
cessing and analysis (IMAQ Vision and Labview 7.0,
National Instrument, Austin, TX, USA). An update of that
method involves the fluorescent particle tracking method
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with computer vision during curing and a software for
multi-particle tracking. [88, 97]. Others determine the
shrinkage by a video-imaging device [98, 99].

Cuspal deflection measurement

The previously mentioned methods measure the gross
shrinkage of resin composite samples as such, but they do
not represent or consider the boundary conditions that
occur in a tooth cavity, thus, do not predict clinical per-
formance. Quantifying cuspal deflection is indicative of the
shrinkage measurement of bonded composite inside a tooth
cavity, in an attempt to correlate to the clinical situation.
Polymerization shrinkage is greater when measured by a
dilatometer than cuspal movement where the composite is
restricted by being bonded to the cavity walls [100].
Moreover, it was previously confirmed that shrinkage
strains change with the boundary conditions [101].

Cuspal deflection has been thoroughly investigated for
class II cavities restored with composites using a variety of
techniques including photography/microscopy (microscope
with a micrometer stage) [102-104], Michelson interfer-
ometry [105], strain gauges [106-110], linear variable
differential transformers (LVDT) [111-113], contact stylus
profilometry together with computer graphics [4, 114],
digital-image-correlation (DIC or texture correlation)
[115, 116], the direct current differential transducers [117]
or electronic speckle pattern interferometry [118, 119]. The
DIC method analyzes an object’s displacement based on
the comparison of two similar speckled images; one before
deformation and one after. Images are recorded using a
CCD camera through an optical microscope, and the local
displacements between the images are calculated
[116, 120-122].

The cuspal deflections average 15 pm up to 50 pm, but
vary according to the technique used. Absence of stan-
dardization of tooth size, cavity preparation and restoration
technique renders comparison of results difficult, since
contraction of cusps depends on the remaining tooth
structure. Some studies combine cuspal deflection with
microleakage analysis [123] or shrinkage stress determi-
nation [124].

Comparisons of results should be done with caution as
the methods are not standardized among the various testing
labs. One group of researchers have performed various
investigations with standardized cavity configurations that
allow the comparison of the results among their studies
[123, 125-130]. Another difficulty of the interpretation of
the results is when partial debonding of the restoration
happens, because it would decrease the cuspal movement,
while the bond has failed, thus, giving misleading results
assuming less shrinkage.
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Measurement of adverse effects of polymerization
shrinkage

A traditional method for determining the adverse effects of
polymerization shrinkage includes in vitro assessments of
interfacial adaptation based on dye penetration, or quanti-
tative marginal gap analysis by the replica technique and
scanning electron microscopy (SEM) [31, 131-133].
Recent studies applied clinical evaluation criteria such as
the use of the World Dental Federation criteria (FDI-cri-
teria) [134] to in vitro investigations for predicting the
clinical performance of restorations, thus correlating
in vitro results to the in vivo situation [135, 136]. Bond
strength tests evaluate the composite-dentin-bonding-
agent-complex such as shear, tensile, micro-shear and
microtensile bond strength tests [137, 138]. Data from labs
worldwide using various tests on the same material achieve
different results, even microtests could not eliminate the
high degree of variations among results [139]. Others
attempt to combine more than one investigation method,
for example, a bond strength test with the interfacial gap
distance evaluation [9] or with a finite element analysis
[140] for obtaining a more diverse perspective on the
shrinkage effects. Other in vitro phenomena help to rate the
shrinkage effects such as microleakage, nanoleakage,
structure and mechanical properties of the bonding inter-
face. These can be related to bond strength values, but they
do not necessarily correlate with results of microleakage
tests or gap formation at the cavity margin, whereas
nanoleakage tests and morphological and chemical char-
acteristics of the bonding interface could be indicative of
future dentin bond durability [141].

However, the clinical reliability of these tests are con-
siderably questioned. It is suggested to develop more
appropriate bond test and analysis of in vitro phenomena
[141], while others suggest to use an interfacial fracture
mechanics approach for the analysis of the dentin-adhesive
bond for better agreement of test results [139, 140]. Thus,
when hydrophilic dentin bonding agents are investigated
the dye penetration method bears some difficulties in dif-
ferentiating between the stained bonding agent and true
gaps. Furthermore, the accuracy of the replica technique
are found to depend largely on the quality of both the
impression and replica for the margin analysis. In addition,
it gives information on the length but not the depth of
defect which also applies to SEM [142].

Finite element analysis

The finite element analysis is a numerical technique in
which the model of an object is divided into many small
simple-shaped elements. Thus a model of the tooth and the
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restoration can be generated from a micro-CT scan. The
deformation of the small elements of one structure can be
easily calculated and the deformation of the whole struc-
ture can be evaluated [143]. In a finite element analysis
Versluis et al. questioned whether composites shrink
toward the light. A cylindrical cavity with different
boundary conditions is simulated by stress analysis and
revealed that the shrinkage direction of light-cured com-
posites depends on the boundary conditions, especially on
the bonding between the restoration and the tooth rather
than the light source [144].

Methods employing three-dimensional micro-CT
data for the evaluation of polymerization shrinkage

The micro-computed tomography is a cone beam tomog-
raphy producing three-dimensional images of high resolu-
tion up to few micrometer. The micro-CT scans are
extensively used for bone density investigation [145, 146],
mineral content assessment in caries research [147-151]
and tooth modeling in finite element analysis [143]. Data
acquisition for the shrinkage evaluation could be divided
into two distinct parts: on one hand the assessment of
volumetric changes and resulting gap analysis or detach-
ment of the restorative material from the cavity interface,
and on the other hand the shrinkage vector calculations
through tracing particles before and after polymerization.

Volumetric evaluation of polymerization shrinkage

Non-destructive investigations of the marginal adaptation and
the adhesive interface are performed [152—154], in addition to
the evaluation of the internal adaptation of adhesive restora-
tions [155, 156]. Others investigated the volume loss of resin
composites [157-159] in addition to the volume loss in
association with a direct non-destructive microleakage
investigation [64, 158]. Hirata et al. evaluated the volumetric
shrinkage of low shrinkage and bulk-fill composites with and
without the application of bonding agents [160] (Fig. 1). The
volumetric evaluation measures the composite volumes in the

Fig. 1 The volumetric
evaluation of composite
restorations of the superimposed
scans before and after light-
curing (a) and the volume loss
due to polymerization shrinkage
(b), by Hirata et al.

uncured and cured states and can display internal voids as
well. It should be noted that the detection of gaps is related to
the resolution of scanning which means that gaps are
detectable at x2.5 voxel size which constitutes a limitation to
this method. Currently a typical micro-CT resolves 6—8 pm
which corresponds to a detectable gap size of 25-30 um, yet,
with a higher resolution, smaller gaps could be visualized.

Methods utilizing the shrinkage vectors methods

The visualization of polymerization shrinkage in form of
shrinkage vectors is a technique that has been introduced
by Inai et al. and improved by Cho et al. [19, 161]. The
basic concept of this technique has been adopted and fur-
ther developed by Rosch et al., Chiang et al. [33, 142, 162]
and other research labs [163, 164].

Medical image registration The use of radiological ima-
ges has increased in medical research and healthcare.
Generally, image registration can be used for combining
images of one subject, thus compensating for motion
between scans. This is performed by registration algo-
rithms that automatically register images by a rigid body
transformation. On the other hand, non-rigid registration
algorithms compensate for tissue deformation or align
images from different subjects [165, 166].

Medical image registration methods are important in brain
tumor studies for tumor visualization and observation [167]. In
dentistry, Kunzelmann, 1996, was one of the first to visualize
3D data for wear analysis and quantification of filling materials
in vitro and in vivo [168]. Swennen et al. applied the rigid
registration method for detailed visualization of the interoc-
clusal relationship in the course of 3D virtual planning of
orthognathic surgery. They designed a 3D splint with the
double CT scan procedure to obtain an anatomic 3D virtual
augmented model of the skull with detailed dental surface
[169]. Sandholzer et al. used quantitative micro-CT data for
studying the 3D shrinkage and shape preservation of human
teeth upon heating which is relevant information for forensic
investigators [170].
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Methods for acquiring two-dimensional shrinkage vec-
tors Shrinkage vectors represent the magnitude and
direction in which shrinkage occurs [22]. Inai et al.
invented the filler-tracing-method for the visualization of
polymerization shrinkage by obtaining real polymerization
shrinkage vectors. In their first study, they embedded
radiopaque zirconia fillers into a composite, scanned the
restoration before and after light-curing to identify the fil-
lers manually in both scans and calculate the movement
two-dimensionally [161].

The first automated process was conducted by Chiang
et al. in which micro-CT data are combined with the image
registration approach to determine and visualize the
direction and amount of shrinkage vectors. Radiolucent
glass fillers are embedded into a flowable composite
scanned with a micro-CT before and after light-curing then
the fillers are traced. Using radiolucent glass fillers has the
advantage of avoiding reconstruction artifacts. Chiang
et al. have studied the two-dimensional displacement vec-
tor field in composites which is calculated with an elastic
registration algorithm using vector-spline regularization
combined with the B-spline based elastic registration
[142, 171-174] (Fig. 2).

The basic idea of the elastic registration is the applica-
tion of a grid to both pre-and-post-polymerization scan
images, where the regular grid is applied to the pre-poly-
merization situation, and the deformed grid to the post-
polymerization. The grid is elastic and its deformation
costs energy, thus larger deformations require more energy.
Then the grid is fit to the new position using the least
possible energy, where the points of grid deformation are

’
{aaaaasnr.

> 4444422
> >>>>3 73 + -
yYYyryvYyyyy - -
rTrTYTYYYY - -
TR AT s s rAAA
2AIX2V A 944 A -
LR IR I I R I R N SR

Fig. 2 The image processing of the 2D shrinkage vector evaluation
based on the B-spline evaluation: a the original source image of the
uncured resin composite with the deformation grid and b the
displacement field obtained from the elastic registration, by Chiang
et al.
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identical to the markers. Registering two images leads to
elastic fields that can be expressed in terms of B-splines.
The grid is fit to the new position based on the markers by
elastic registration. When markers are not evenly dis-
tributed in every 2D section of the 3D scan the missing
deformations are assumed. Consequently, the elastic reg-
istration based on B-splines regularization is highly
dependent on its parameter values and in case of improper
assumptions might lead to incorrect results [142, 174].

Methods for acquiring three-dimensional shrinkage vec-
tors Chiang et al. analyzed the three-dimensional
shrinkage vectors in an experimental flowable composite
by implementing a method that is based on a different
mathematical principal, the block-matching algorithm. The
basic idea was to identify each individual embedded glass
sphere and follow the position change of the glass spheres
due to polymerization shrinkage [33, 142, 162, 174]
(Fig. 3).

Data processing is performed in different steps. First, the
rigid registration matches the pre- and post-polymerization
scans via the outer tooth contours of each sample in which
the enamel and the dentino-enamel-junction serve as ref-
erences for the exact matching of both scans. Afterwards,
sphere segmentation and registration is performed for the
extraction of glass fillers based on the gray values of the
micro-CT scans. Glass beads have a diameter of 40-70 um
and can be identified via the tensor of inertia. Each iden-
tified spherical structure (glass filler) is labeled and traced
in both scans. The center of each glass filler is determined
in the pre-polymerization scan and its corresponding center
in the post-polymerization scan. The Euclidian distance of
both centers constitutes the shrinkage vector. These cal-
culations are based on the block-matching algorithm.

In another study, Cho et al. imported the micro-CT-scan
data of the composite restorations before and after poly-
merization into a custom made software, the 3D-BON
software (Ratoc Systems Engineering, Tokyo, Japan) and
used a cluster-labeling algorithm to extract the fillers and

8 (12m)

Fig. 3 The 3D displacement vector field displaying the shrinkage
vectors, by Chiang et al.
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Fig. 4 The 3D image obtained by superimposing micro-CT scans
from the composite before and after polymerization. a The axial
shrinkage movement is evaluated in various slices within the
restoration and b the 3D vector field image represents the filler
movement direction in the bonded group, by Cho et al.

perform the pairing procedure. Images are reconstructed
from the data by a 3D data visualization tool Avizo 6.2
(Visualization Sciences Group, Burlington, MA). The
movement distance of each filler after polymerization is
obtained three-dimensionally. However, the analysis of
filler movement is limited to the axial direction in relation
to the light source by dividing filler movement data into
165 regions within the restoration [19] (Fig. 4).
Takemura et al. have incorporated air bubbles into the
composite instead of fillers and traced their movements for
visualizing three-dimensional shrinkage vectors [163]. Van
Ende et al. have also applied the principal of the B-spline
evaluation to their investigation of three-dimensional
shrinkage vectors in cavities of different sizes (Fig. 5).

Fig. 5 The image displays the 3D shrinkage vectors generated by van
Ende et al. in a small (a) and a large cavity (b) with different
shrinkage patterns

They traced inherently present fillers of the flowable
composite that were identified instead of adding fillers and
studied shrinkage vectors in addition to the accompanying
shrinkage stresses in small and large restorations [164].
The various evaluation methods enable the researchers to
calculate and visualize the shrinkage vectors, but the
methods differ fundamentally as each is based on a specific
mathematical principle.

Conclusions

In the light of the currently available methods it can be
concluded that the earlier methods for measuring the
polymerization shrinkage of composites are easier, faster
and less expensive, but they do not give information on the
internal shrinkage behavior. The procedures of scanning
the samples in the micro-CT and performing the evaluation
of the shrinkage vectors are time consuming and compli-
cated. Moreover, the shrinkage vector evaluation can be
conducted only with the respective softwares which are not
commercially available. Nevertheless, the methods using
micro-CT data for measuring the polymerization shrinkage
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give insight into different resin composite restorations
revealing the sites of possible detachment of composite
from cavity walls and margins as well as the internal
shrinkage behavior and how different boundary conditions
affect the shrinkage vectors. This in turn constitutes an
advantage that is lacking other methods measuring the
polymerization shrinkage. Adopting this method by resin
composite materials manufacturers can provide simple,
life-image clues of interesting clinical relevance on the
materials behavior. We recommend using this method in
materials manufacturing for product quality assurance as
well as in testing the different manipulation and application
techniques. In conclusion, the use of three-dimensional
micro-CT data for measuring both the volumetric poly-
merization shrinkage and calculating the shrinkage vectors
is a highly accurate method.
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