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Abstract
The prognosis of root-filled teeth depends not only on a successful root canal treat-
ment but also on the restorative prognosis. This critical review discusses the advan-
tages and limitations of various methodologies used to assess the load capacity or 
clinical survivability of root-filled teeth and restorations. These methods include 
static loading, cyclic loading, finite element analysis and randomized clinical trials. 
In vitro research is valuable for preclinical screening of new dental materials or re-
storative modalities. It also can assist investigators or industry to decide whether 
further clinical trials are justified. It is important that these models present high pre-
cision and accuracy, be reproducible, and present adequate outcomes. Although in 
vitro models can reduce confounding by controlling important variables, the lack of 
clinical validation (accuracy) is a downside that has not been properly addressed. 
Most importantly, many in vitro studies did not explore the mechanisms of failure 
and their results are limited to rank different materials or treatment modalities ac-
cording to the maximum load capacity. An extensive number of randomized clinical 
trials have also been published in the last years. These trials have provided valuable 
insight on the survivability of the root-filled tooth answering numerous clinical ques-
tions. However, trials can also be affected by the selected outcome and by intrinsic 
and extrinsic biases. For example, selection bias, loss to follow-up and confounding. 
In the clinical scenario, hypothesis-based studies are preferred over observational 
and retrospective studies. It is recommended that hypothesis-based studies minimize 
error and bias during the design phase.
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INTRODUCTION

The long-term prognosis of the root-filled tooth relies not 
only on successful diagnosis, treatment planning, micro-
bial control and symptoms management but also on the 
restorative treatment plan. An effective restoration of the 
root-filled tooth can prevent recontamination by coronal 
leakage, strengthen the remaining tooth structure, protect 
the tooth in normal function, maintain healthy periodon-
tal tissues among others. Failure to protect the root-filled 
tooth is linked to structural and biological failures that 
involve the development of secondary caries, discoloura-
tion, cuspal fractures and vertical root fractures (Rivera & 
Walton, 2007). Cracks are always colonized by bacterial 
biofilms and have the potential to produce deleterious ef-
fects on the periodontal tissues (Ricucci et al., 2015). The 
outcome is catastrophic and irreversible if the crack ex-
tends or develops below the crestal bone leading to the in-
evitable loss of the root-filled tooth (PradeepKumar et al., 
2016).

Different methodologies have been used during the 
last decades to assess the load capacity and predict the 
clinical behaviour of teeth and restorations including 
static loading, cyclic fatigue, finite element analysis (FEA) 
and clinical trials. Methods to analyse the load capacity 
of root-filled teeth and associated materials are not free 
of bias. It is essential that the reader understands the ad-
vantages and limitations of each analytical approach used 
to predict the biomechanical behaviour of the root-filled 
teeth. In many cases, the aim of the model is not to repro-
duce the clinical behaviour of the restoration but to find 
the mechanisms that leads to the restoration's failure. In 
contrast, clinical trials can reveal the effect of a specific 

restorative procedure on the survival rate of the root-filled 
tooth. However, the results may be influenced by the se-
lected endpoint (catastrophic failure versus restoration 
failure) and by intrinsic biases such as loss to follow-up, 
sample size, confounding variables among others. Either 
methodology, laboratory or clinical, presents its own lim-
itations and biases. This critical review will discuss the 
advantages and limitations of the most common meth-
odologies used to test the load capacity and survival rates 
of teeth and restorations including static, cyclic loading, 
FEA and clinical trials.

STATIC AND CYCLIC LOADING

Load capacity refers to the maximum stress or load that 
may be assigned on a root-filled tooth under experimen-
tal conditions for a given time period (Ordinola Zapata 
& Fok, 2021). In other words, it refers to the capacity of 
a root-filled tooth to perform its intended function when 
supporting a physiological amount of force. As previously 
reported (Ordinola Zapata & Fok, 2021), the term ‘fracture 
resistance’ is a common expression used in endodontic 
research, however, root-filled teeth are complex struc-
tures of multiple irregular components such as: enamel, 
dentine, post (or dowel), luting agent, build-up material, 
coronal bonding agent, ceramics, among others. Thus, 
in reality researchers report the ‘load capacity’ of the re-
stored tooth (Figure 1).

A methodology to test the load capacity of structures is 
the static loading test or monotonically increasing stress 
test. In this cross-sectional scenario, a single cycle is used 
with an increasing load until the catastrophic failure of 

F I G U R E  1   Differences between fracture resistance and load capacity. Fracture resistance is a mechanical property of a material in 
relation to the propagation of a pre-existing crack. Different from fracture resistance, the load capacity is the maximum static load that a 
structure can sustain; it is affected by geometry and constituent materials. The testing of materials is different from the testing of structures 
composed of different elements. The former uses specimens of simple shapes under simple stress states. The use of cyclic fatigue data 
(a, D = dentine), stress versus life (N), can allow the investigator to make predictions for structures using stress analysis based on the 
physiological chewing force values (C). The use of static loading alone is not predictive; knowing the load capacity is not enough to predict 
the service life (number of cycles) of a structure because two structures can have the same load capacity but different service lives under 
simulated clinical conditions (b; M = molar, RM = restored molar). See how static loading (arrow) give information of only one cycle
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the root-filled tooth occurs. This type of ‘destructive’ test 
is able to provide the maximum load capacity (Naumann 
et al., 2009). A variety of studies have tried to demonstrate 
the effect of irrigants, intracanal dressings, different access 
cavities or posts designs on the load capacity of root-filled 
teeth (Andreasen et al., 2002; Dotto et al., 2020; Naumann 
et al., 2009; Rover et al., 2017, 2020; Sabeti et al., 2018).

In the last years static loading has been used exten-
sively to assess the load capacity of teeth that received dif-
ferent pulp chamber access designs. The methodological 
characteristics can be found in Table 1. The data revealed 
that the crosshead speed during the static load application 
had a range of 0.5–2  mm  min−1 and the median speed 
value was 1  mm  min−1. The load angulation varied be-
tween 15 and 30 degrees for molars and between 30 and 
135 degrees for anterior teeth and premolars. The median 
number of samples per group used in these studies was 
10. In all cases, teeth fractured above the maximum phys-
iological bite force. Several controlled and uncontrolled 
factors can affect static load experiments including the 
loading position, the load angulation, presence or not of 
a full-coverage restoration, presence of old or young den-
tine, amount of loss hard tissue, collagen degradation 
among others (Mireku et al., 2010).

It is important to note that the static-loading test pro-
duces failure values that are above the physiological 
range and is more relevant to failures caused by acciden-
tally high forces (the average chewing motion force is 
20–120 N; Yilmaz & Sadeler, 2021). The fact that biofilm 
colonization of dentinal cracks is commonly observed in 
vertical root fractures and cracked teeth cases (Ricucci 
et al., 2015; Rivera & Walton, 2007) suggests that crack 
propagation in restorative failures is a slow and gradual 
process. Another limitation is that stable crack growth like 
those observed in cracked teeth cannot occur under static 
loading because of the large amount of energy released in 
a very short time (Lin et al., 2021, 2022a).

A second technique for appraising the fatigue be-
haviour of a root-filled tooth is to use the correlation be-
tween the cyclic stress amplitude and the number of cycles 
to failure or cyclic fatigue test (Figure 2). Fatigue failure 
appears due to the application of a fluctuating stress that 
is much lower than that required to cause a catastrophic 
failure during a static test with a monotonically increas-
ing force (Arola, 2017; Campbell, 2008; Drummond, 2008; 
Taha et al., 2011). Nearly 90% of failures in engineering 
are initiated by cyclic fatigue (Campbell, 2008). In den-
tistry, except for traumatic dental fractures, teeth are 
subjected to a relatively lower but frequent mastication 
force every day. The cyclic nature of mastication and the 
deferred failure of dental hard tissues and restorations 
occurs after a phase of oral function indicating that an 
understanding of fatigue is necessary to estimate the 

durability of the root-filled tooth (Arola, 2017; Mireku 
et al., 2010; Naumann et al., 2005). Three key elements are 
present in this model, the simulated mastication process 
(Hz), the load amplitude (N) and the number of cycles to 
fracture (time), being the load and the number of cycles 
equally important in this type of experimental model. All 
these factors (force, frequency and time) are considered 
clinically important and are useful to understand the ae-
tiology of catastrophic failures. According to Basquin's 
equation (1910), the time taken or the number of cycles 
(N) required to cause failure reduces exponentially with 

the stress amplitude (σ), that is, N =

(

σ0

σ

)

�

, where σ0 is the 
static fracture strength and α is the fatigue life reduction 
factor, both of which depend on material property of the 
tested material (Basquin, 1910). There have been several 
studies on the fatigue behaviours of dentine and dental 
materials, for example, fibre posts and ceramics. However, 
very few studies have utilized this approach to analyse 
a root-filled tooth restored with multiple materials (Lin 
et al., 2021; Mireku et al., 2010; Naumann et al., 2005). 
This analysis is important because some components may 
fail earlier than the others, and failure of the overall struc-
ture would be initiated by the component with the shortest 
life expectancy (i.e. dentine–composite interface), which 
may not necessarily be the one with the highest stress. It is 
important to mention that significant differences in load 
capacities of root–filled teeth occurred between the dy-
namic method and static loading (Naumann et al., 2005). 
For example, results based on static loading tests revealed 
that glass fibre is a weaker post material than titanium. A 
different conclusion could be obtained if dynamic loading 
is performed (Naumann et al., 2005).

Although cyclic loading has been used to approximate 
the mastication process to laboratory conditions, it is 
rarely used in endodontic experiments because of its long 
duration. Accelerated cyclic fatigue models have been sug-
gested to reduce test duration (Lin et al., 2021). However, 
the limitation is that the clinical stress that a tooth is re-
ceiving can be lower than those produced by the model 
parameters. Therefore, the number of cycles required to 
initiate and propagate the cracks would be much higher in 
the clinical scenario (Lin et al., 2022a). There are also dif-
ferences in the mode of failure between cyclic and static 
load modalities. Fracture of restored teeth caused by static 
loading initiates from the locations of stress concentration 
near the loading point (Lin et al., 2021) while cyclic fa-
tigue can induce longitudinal cracks below the restorative 
material (Lin et al., 2021, 2022a).

Recently, some studies used a combination of cy-
clic fatigue with static loading to fracture the samples 
(Lima et al., 2021; Santosh et al., 2021; Xia et al., 2020). 
Teeth are subjected to cyclic loading with relatively low 
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T A B L E  1   Characteristics of included studies testing the load capacity of root-filled teeth

Author Type of access cavities Tooth type N Static/cyclic loading Load direction Crosshead speed
Parameters of cyclic 
loading Results

2021 Santosh et al. (2021) Conservative & 
traditional & truss

Mandibular molar 10 Thermomechanical cycling  
before static loading test

30° to the long axis of the tooth 1 mm/min 5 ~ 50 N, 15 Hz, 125 000 
cycles

Mandibular molars with conservative and 
truss access cavities exhibited superior 
load capacity compared with traditional 
ones.

2021 Silva et al. (2021) Ultraconservative & 
conventional

Mandibular first molar 30 Static 30° to the long axis of the tooth 1 mm/min — A minimally invasive access cavity did not 
increase the load capacity of mandibular 
first molars.

2021 Lima et al. (2021) Ultraconservative & 
traditional

Mandibular molar 10 Thermomechanical cycling  
before static loading test

30° to the long axis of the tooth 1 mm/min 86 N, 2 Hz, 300 000 
cycles

No differences were observed in the load 
capacity between different access cavities.

2021 Maske et al. (2021) Minimally invasive & 
conventional

Mandibular molar 10 Thermocycling before static  
loading test

Vertical 0.5 mm/min — The type of access cavity preparation 
did not increase the load capacity of 
endodontically treated teeth.

2020 Saberi et al. (2020) Traditional & truss Mandibular molar 10 Thermocycling before static  
loading test

15° to the long axis of the tooth 1 mm/min — The truss access cavity enhances the load 
capacity of endodontically treated teeth 
under thermal stresses.

2020 Xia et al. (2020) Contracted & traditional First premolar 10 Thermomechanical cycling  
before static loading test

135° to the long axis of the tooth 1 mm/min 5 ~ 50 N, 15 Hz, 500 000 
cycles

Contracted access cavity could not improve 
the load capacity of the endodontically 
treated premolars.

2020 Augusto et al. (2020) Ultraconservative & 
traditional

Mandibular molar 8 Static 30° to the long axis of the tooth Continuous — Ultraconservative access cavities did not 
offer any advantages in comparison with 
traditional cavities on the load capacity of 
mandibular molars.

2020 Rover et al. (2020) Minimally invasive & 
traditional

Mandibular incisor 10 Static 135° to the long axis of the tooth 1 mm/min — The design of access cavity did not impact on 
the load capacity of mandibular incisors.

2020 Barbosa et al. (2020) Conservative & 
traditional & truss

Mandibular molar 10 Static 30° to the long axis of the tooth Continuous — Conservative access cavities did not show 
advantage in load capacity of mandibular 
molars compared with traditional ones.

2020 Silva et al. (2020) Ultraconservative & 
traditional

2-rooted maxillary premolar 10 Static 30° to the long axis of the tooth 1 mm/min — Ultraconservative access cavities were not 
associated with an increase in load 
capacity of 2-rooted maxillary premolars.

2020 Sarvaiya et al. (2020) Lingual cingulum 
access & lingual 
conventional access 
& Lingual incisal 
straight-line access

Maxillary central incisors 10 Static 130° to the long axis of the tooth 1 mm/min — The load capacity was highest in the lingual 
conventional access group, followed by 
the lingual cingulum access group, and 
lingual incisal straight-line access group.

2019 Abou-Elnaga et al. 
(2019)

Truss & traditional Mandibular first molar 12 Static Vertical 1 mm/min — The truss access cavity preparation improved 
the load capacity of endodontically 
treated teeth with mesio-occluso-distal 
cavities.

2018 Sabeti et al. (2018) Conservative & 
traditional

Maxillary molar 10 Static Not mentioned Not mentioned — Conservative access cavity in comparison 
with traditional cavity had no significant 
impact on the load capacity of maxillary 
molars.

2018 Corsentino et al. 
(2018)

Conservative & 
traditional & truss

Mandibular molar 10 Static 30° to the long axis of the tooth 0.5 mm/min — Truss access cavity did not increase the load 
capacity of endodontically treated teeth 
in comparison with conservative and 
traditional ones.
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T A B L E  1   Characteristics of included studies testing the load capacity of root-filled teeth

Author Type of access cavities Tooth type N Static/cyclic loading Load direction Crosshead speed
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the load capacity of the endodontically 
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2020 Augusto et al. (2020) Ultraconservative & 
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Mandibular molar 8 Static 30° to the long axis of the tooth Continuous — Ultraconservative access cavities did not 
offer any advantages in comparison with 
traditional cavities on the load capacity of 
mandibular molars.

2020 Rover et al. (2020) Minimally invasive & 
traditional

Mandibular incisor 10 Static 135° to the long axis of the tooth 1 mm/min — The design of access cavity did not impact on 
the load capacity of mandibular incisors.

2020 Barbosa et al. (2020) Conservative & 
traditional & truss

Mandibular molar 10 Static 30° to the long axis of the tooth Continuous — Conservative access cavities did not show 
advantage in load capacity of mandibular 
molars compared with traditional ones.

2020 Silva et al. (2020) Ultraconservative & 
traditional

2-rooted maxillary premolar 10 Static 30° to the long axis of the tooth 1 mm/min — Ultraconservative access cavities were not 
associated with an increase in load 
capacity of 2-rooted maxillary premolars.

2020 Sarvaiya et al. (2020) Lingual cingulum 
access & lingual 
conventional access 
& Lingual incisal 
straight-line access

Maxillary central incisors 10 Static 130° to the long axis of the tooth 1 mm/min — The load capacity was highest in the lingual 
conventional access group, followed by 
the lingual cingulum access group, and 
lingual incisal straight-line access group.

2019 Abou-Elnaga et al. 
(2019)

Truss & traditional Mandibular first molar 12 Static Vertical 1 mm/min — The truss access cavity preparation improved 
the load capacity of endodontically 
treated teeth with mesio-occluso-distal 
cavities.

2018 Sabeti et al. (2018) Conservative & 
traditional
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(Continues)
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loading amplitude (5 ~ 50 N) and higher number of cycles 
(100 000 ~ 500 000) to simulate oral chewing function be-
fore the static loading test (Table 1). Thermocycling was 
also combined with mechanical loading in some studies 
to better mimic thermal changes in the oral cavity (Lima 
et al., 2021; Santosh et al., 2021). The advantage of this 
method is that the aging process could also be considered 
when studying the load capacity of restored teeth (Lima 
et al., 2021).

LIMITATIONS OF STATIC AND 
CYCLIC LOADING

Mechanical loading can only produce restoration's frac-
ture or interfacial degradation led by mechanical factors. 
It is important to notice that both static and cyclic loading 
use an axial load that lacks the tridimensional movement 
of mastication (Figure 2). Moreover, the environmental 
effects during testing of tooth and restorations have hardly 
been measured in previous laboratory studies. There are 

many other factors besides mechanical loading that affect 
the behaviour of restored teeth, like chemical and bio-
logical interactions among materials, fluids and microbial 
cells (Zhang et al., 2020, 2021).

To assess the reliability of in-vitro models the dif-
ferences between precision and accuracy need to be 
explained. In this context, precision measures how repeat-
able and reproducible are the results obtained by a certain 
test. Accuracy represents how close the measurements are 
to the clinical truth. In some scenarios, the role of a pre-
clinical study is to deliver reliable and reproducible data 
(high precision). In this way, the investigator can be able 
to rank different materials and techniques in an affordable 
manner. However, an important step that still needs to be 
improved in the endodontic field is the accuracy of lab-
oratory models. In this context, accuracy means that the 
laboratory model can predict the clinical performance or 
reproduces the results of a gold standard. It is important to 
recognize the differences between these concepts because 
a test can be precise and not accurate at the same time 
(Figure 3).

Author Type of access cavities Tooth type N Static/cyclic loading Load direction Crosshead speed
Parameters of cyclic 
loading Results

2018 Özyürek et al. (2018) Conservative & 
traditional

Mandibular first molar 20 Static 15° to the long axis of the tooth 1 mm/min — Conservative preparation did not increase 
the load capacity of teeth with class 
II cavities compared with traditional 
preparation.

2018 Makati et al. (2018) Conservative & 
conventional

Mandibular molar 30 Thermocycling before static  
loading test

Not mentioned 1 mm/min — Conservative access cavity increased load 
capacity of mandibular molars compared 
to conventional one.

2017 Rover et al. (2017) Contracted & traditional Maxillary first molar 15 Static 30° to the long axis of the tooth 1 mm/min — Contracted access cavity did not increase 
load capacity of maxillary first molars 
compared with traditional cavity.

2017 Plotino et al. (2017) Conservative & 
ultraconservative & 
traditional

Maxillary and mandibular 
molars and premolars

10 Static 30° to the long axis of the tooth 0.5 mm/min — Teeth with traditional access showed lower 
load capacity than the ones prepared 
with conservative or ultraconservative 
ones.

2017 Chlup et al. (2017) Conservative & 
traditional

Maxillary and mandibular 
premolars

10 Static 30° to the long axis of the tooth 0.5 mm/min — There was no statistically significant 
difference between conservative and 
traditional access cavities in maxillary 
and mandibular premolars.

2016 Moore et al. (2016) Contracted & traditional Maxillary molar 9 Thermomechanical cycling  
before static loading test

30° to the long axis of the tooth 1 mm/min 5 ~ 50 N, 15 Hz, 
1 000 000 cycles

Contracted access cavities did not impact 
biomechanical responses compared with 
traditional ones.

2014 Krishan et al. (2014) Conservative & 
traditional

Maxillary incisors, 
mandibular premolars, 
and molars

10/teeth type Static 30-135° to the long axis of the tooth 1 mm/min — Conservative access cavities conveyed a 
benefit of increased load capacity in 
mandibular molars and premolars.

2011 Taha et al. (2011) Access cavity with no 
axial wall & extensive 
& traditional

Maxillary premolars 10 Static 45° to the long axis of the tooth 0.5 mm/min — Loss of axial walls of access cavities 
weakened teeth considerably.

2007 Nissan et al. (2007) Labial & palatal access Central and lateral maxillary 
incisors

20/central 
incisors;10/
lateral incisor

Static 130° to the long axis of the tooth 2 mm/min — Different endodontic accesses-labial or 
palatal-did not affect the load capacity of 
maxillary incisors.

T A B L E  1   (Continued)
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One of the first attempts to produce an artificial 
mouth or ‘gold standard test’ was reported by Delong and 
Douglas (1983). According to these authors, the develop-
ment of an oral environment requires the coordination 
of three areas: 1. Artificial saliva reacting with the res-
toration like the way natural saliva react with the same 
material. 2. The mastication forces must be duplicated, 
including excursive movements, 3. The temperature 
fluctuations, aeration and humidity control must mimic 
the conditions found in the natural environment. One 
additional requirement to improve accuracy is that the 
artificial oral conditions should stress the tested mate-
rial in a mechano-biochemical environment also known 
as multicomponent model (Carrera et al., 2017; Zhang 
et al., 2020, 2021). In the clinical scenario, dental mate-
rials and their respective bonding interfaces can worsen 
through polymerization shrinkage of resin composites, 
pH variation, biofilm colonization, wear and hydrolysis 
(Zhang et al., 2020, 2021). Biofilm challenge has been 
considered by previous authors (Carrera et al., 2017) 
because produces degradative products that interact 

accelerating the interface degradation. For example, a 
bonded interface in a root-filled tooth subjected to low 
pH can fail faster compared to the same tooth stressed 
in an inert environment such as air (Orrego et al., 2017). 
This is relevant for direct restorations because debonding 
of the dentine–composite interface happens prior to lon-
gitudinal cracking or cuspal flexure in root-filled teeth 
under mechanical loading (Lin et al., 2022b). While these 
relevant variables that contribute to the degradation of 
the restorative material interface or the substratum have 
been evaluated separately, they need to be considered 
concomitantly to account for synergistic effects in fu-
ture studies (Orrego et al., 2017; Zhang et al., 2021). To 
develop a gold standard to test different restorative mo-
dalities an accelerated multicomponent model needs to 
predict accurately the mode and the speed of the resto-
ration failure. This can only be accomplished if the indi-
vidual components are synchronized and calibrated with 
clinical data (Zhang et al., 2021). The future development 
of new laboratory models will bring not only precise but 
also highly accurate results (Figure 4).
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loading Results
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with conservative or ultraconservative 
ones.

2017 Chlup et al. (2017) Conservative & 
traditional

Maxillary and mandibular 
premolars

10 Static 30° to the long axis of the tooth 0.5 mm/min — There was no statistically significant 
difference between conservative and 
traditional access cavities in maxillary 
and mandibular premolars.

2016 Moore et al. (2016) Contracted & traditional Maxillary molar 9 Thermomechanical cycling  
before static loading test

30° to the long axis of the tooth 1 mm/min 5 ~ 50 N, 15 Hz, 
1 000 000 cycles

Contracted access cavities did not impact 
biomechanical responses compared with 
traditional ones.

2014 Krishan et al. (2014) Conservative & 
traditional

Maxillary incisors, 
mandibular premolars, 
and molars

10/teeth type Static 30-135° to the long axis of the tooth 1 mm/min — Conservative access cavities conveyed a 
benefit of increased load capacity in 
mandibular molars and premolars.

2011 Taha et al. (2011) Access cavity with no 
axial wall & extensive 
& traditional

Maxillary premolars 10 Static 45° to the long axis of the tooth 0.5 mm/min — Loss of axial walls of access cavities 
weakened teeth considerably.

2007 Nissan et al. (2007) Labial & palatal access Central and lateral maxillary 
incisors

20/central 
incisors;10/
lateral incisor

Static 130° to the long axis of the tooth 2 mm/min — Different endodontic accesses-labial or 
palatal-did not affect the load capacity of 
maxillary incisors.
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PROBABILISTIC AND 
DETERMINISTIC APPROACHES

A probabilistic model includes elements of random-
ness. In assessing dental restorations, the investigator 
is unlikely to get the same exact result every time the 
experiment is replicated. Mineralized dental tissues 
and many restorative materials are relatively brittle in 
nature, which means that they are stronger in compres-
sion than in tension, and they may express a large de-
viation in their fracture strength (Kinney et al., 2003; 
Park et al., 2008). The materials principle states that 
brittle materials fail because of the unstable extension 
of pre-existing flaws which are distributed at random. 
These pre-existing flaws (i.e. internal cracks) can pre-
sent a range of different sizes and orientations within 

different samples. Even highly homogeneous samples 
in terms of composition and dimensions (such as CAD/
CAM restorations) do not all fail at the same load or 
at the same time when exposed to the same mechani-
cal test. Crack size and orientation can occur randomly, 
which is why results from predictions for dental ma-
terials or restored teeth need to be expressed in terms 
of failure probability (Lin et al., 2022a). Interestingly, 
according to the weakest link theory the specimen 
with the largest flaw is not necessarily the weakest if 
that flaw is in a region or oriented in a direction that is 
not highly stressed (Fok & Chew, 2020). For example, 
cracks in the buccal area of root-filled molars are not 
linked to catastrophic outcomes compared to cracks in 
the distal marginal ridge (Krell & Caplan, 2018). Thus, 
instead of simply designing a restoration that can last 

F I G U R E  2   Load against time for a 
dentinal section using static loading (a), 
load against number of cycles (b) and 
hypothetical degradation of a material 
under the combined action of cyclic 
loading and a harmful environment (c). 
(Frequency: 1 Hz)
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for a certain period, its probability of failure as a func-
tion of time must be specified, which is the most clini-
cally significant variable.

FINITE ELEMENT ANALYSIS IN 
ENDODONTICS,  DETERMINISTIC 
APPROACH

A deterministic model  does not include elements of ran-
domness. The same results are obtained every time the in-
vestigator runs the model with the same initial conditions. 
Deterministic models  generate the exact same outcomes 
under a given set of pre-established conditions.  Thus, no 
statistical comparisons can be obtained. One example of this 
approach is the finite element analysis (FEA). This is a nu-
merical methodology for modelling complex structures and 
analysing their mechanical behaviours (Trivedi, 2014). This 
method subdivides a physical model into small elements of 
finite dimensions, each of which possesses a specific geom-
etry, structural and material properties (Choi et al., 2014). 
By combining this information, equilibrium relationships 
between the applied load and induced displacement are 
established by means of computer algorithms (Choi et al., 
2014). In dentistry, FEA has been widely used in the fields of 
implantology, prosthodontics and orthodontics (van Staden 
et al., 2006; Sun et al., 2008). Over the recent years, increas-
ing FEA studies have also been carried out for evaluating 
the stress distribution of teeth, instruments or structures 
in endodontics. With the development of digital imaging 
systems such as cone beam computed tomography and mi-
crocomputed tomography, accurate three-dimensional ana-
tomical models of teeth and bone could be acquired at the 
micrometre level (Gao et al., 2006). This provides reliable 
three-dimensional models for FEA to better simulate the 
actual conditions of different clinical scenarios.

ADVANTAGES OF FEA

As a powerful methodology for studying the mechanical 
behaviour of a structure or material, FEA exhibits notable 
advantages. First, it helps researchers to acquire stress dis-
tributions of a complex structure under different scenarios, 
which is difficult to get from laboratory experiments (Jiang 

F I G U R E  3   Static and dynamic loading use axial loads (a). 
The tridimensional movement can be obtained using an artificial 
mouth, observe the excursive movement produced in this model 
designed by Delong and Douglas (1983). This artificial oral 
environment has demonstrated a greater correlation with clinical 
wear studies; 250 000 cycles simulates 1 year of clinical wear with 
normal intraoral conditions (DeLong et al., 1992; Sakaguchi et al., 
1986). (b) Differences between precision and accuracy (c), the best 
scenario is obtained when measurements provided by a test are 
precise and accurate (left), a model can be precise and not accurate 
at the same time (low accuracy, high precision). Photograph of the 
artificial mouth is courtesy of Minnesota Dental Research Center 
for Biomaterials and Biomechanics (MDRCBB)

(a) (b)

(c)

F I G U R E  4   Theoretical conversion factor for laboratory time against clinical time. (a) In vitro data are obtained for a structure from 
accelerated cyclic loading test to obtain the number of cycles to failure. In-vitro data N1, N2, … is compared with (b) clinical data Y1, Y2, … 
(i.e. number of years of service) for the same values of survival probability. (c) clinical life is plotted against the in vitro number of cycles to 
obtain conversion factor, allowing a prediction of the clinical life of the structure to be made. Adapted from Zhang et al. (2021)
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et al., 2018; Trivedi, 2014). Teeth subjected to endodontic 
treatments or restorative procedures are usually complex 
structures containing different components with irregular 
geometries; thus, the stress amplitude of each component 
under cyclic loading is difficult to determine. Despite micro-
computed tomography (micro-CT) or post-failure analysis 
(fractography) using scanning electron microscopy can 
identify the failure initiation sites, laboratory tests are inca-
pable to record the actual stress inside the tested object, not 
to mention the failure sites or mechanisms (Figures 5 and 
6). Thus, FEA is a valid method to address the mechanical 
performance as well as to interpret the mechanisms of ex-
perimental results (Lin et al., 2022a, 2022b).

Finite element analysis can also focus on a particular 
factor, which eliminates other confounding issues that 
may occur in clinical practice or in the laboratory (Trivedi, 
2014). Clinical or experimental studies could be chal-
lenged by many confounding factors, for example, bias 

from the operators or observers, variations of tooth anato-
mies, flaws induced during the operation, equipment cali-
bration, among others (Brankovic et al., 2019; Leloup et al., 
2001). It is difficult to precisely control every issue during 
the in vivo/vitro study. FEA can focus on the specific factor 
needed to be studied with other parameters fixed. With a 
precise model, right parameters and fine mesh partition, 
the result of FEA can replicate clinical situations or exper-
iments (Choi et al., 2014).

Finite element analysis is also less costly and time con-
suming. FEA has the ability to obtain the stress magnitude 
and direction of the interior of an object without destroy-
ing the sample (Richert et al., 2020). A task running on 
a three-dimensional model under a particular load usu-
ally takes no longer than 1 h. Though FEA often requires 
numerous job running and modifications of the models 
to get reliable results, it still consumes less time and cost 
compared with experimental research (Chien et al., 2021).

F I G U R E  5   Stress distributions of restored (a, b) and unrestored (c, d) maxillary molars under 800 N compressive load. (a, c) are showing 
Von Mises distributions; (b, d) are showing maximum principal stress distributions. (a) indicates von Mises stress concentrations at the 
central fossa around the loading point. (b) shows compressive stress at the loading point and tensile stress around the loading point at the 
occlusal surface. There is ~8 MPa tensile stress concentration at the buccal surface. Under the same load, the distributions of von Mises and 
maximum principal stress are different. Maximum principal stress indicates stress normal to the plane with no shear stress on it. Positive 
values show tensile stress while negative show compressive. Figures (b, d) shows most tooth structures are subjecting to tensile stress under 
a compressive load. The pulp chamber floor is the only site that showing compressive stress. Von Mises indicates the equivalent stress based 
on the von Mises criterion. It has only positive values. More stress concentration area could be seen in the teeth involving the buccal cusps, 
which was not shown in the maximum principal stress. It indicated that the buccal cusps might not be subjected to normal tensile stress but 
being possibly subjected to other stresses
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In FEA, stress, strain, force and displacement could be 
evaluated through the analysis. The most widely used pa-
rameter in dental FEA is stress. Maximum principal stress 
and von Mises values are most commonly reported (Table 
2). Determining which parameter to use depends on the 
mechanical property of the material as well as the strength 
theory representing its damage mechanism (Trivedi, 2014). 
The maximum principal stress is the stress normal to the 
plane with no shear stress on it, with positive values rep-
resenting tensile stress while negative representing com-
pressive stress (Santos-Filho et al., 2014). This parameter 
should be evaluated when the maximum principal stress 
criterion, that is, failure of an object, occurs at the point 
where its tensile maximum principal stress exceeds the 
limit strength of the material, is considered as failure mech-
anisms, which applies for most brittle materials (Wang 
et al., 2016a, 2016b). Tensile stress is the main cause of frac-
tures of brittle materials. On the other hand, von Mises is a 
kind of equivalent stress based on the von Mises criterion 
that failure occurs at the point where its shear strain energy 
per unit volume exceeds the limit strain energy density of 
the material (Barsanescu & Comanici, 2017). This param-
eter applies mainly to the failure of ductile materials such 
as metals or alloys (Barsanescu & Comanici, 2017). Hence, 
maximum principal stress values should be evaluated in 
brittle structures that are more sensitive to failure by tensile 
stress, such as enamel or ceramics. Dentine behaves like a 
brittle solid under bending, whereas it also exhibits plastic 
behaviour under compression (Zaytsev et al., 2014). From 
the microscale, crack growth in the microstructured den-
tine is accompanied by ductile fracture of intertubular den-
tine and brittle cracking of the peritubular dentine (Ivancik 
& Arola, 2013). For this reason, both maximum principal 
stress and von Mises have been used in dental FEA to anal-
yse the stress distribution in dentine.

Current FEA studies in endodontics have included 
the following categories: the influences of different 
access cavities, root canal enlargement and restorative 
procedures. Most of these studies were carried out with 
linear static models. Most of the FEA studies are mainly 
focused on the biomechanical influence of minimally 
invasive endodontic cavities (Table 2). Of these studies, 
conservative access cavities were compared with the 
traditional ones (Franco et al., 2020; Jiang et al., 2018; 
Roperto et al., 2019; Saber et al., 2020; Wang et al., 2020; 
Yuan et al., 2016; Zhang et al., 2019) or with truss ones 
(Saber et al., 2020). Most studies used the maxillary/
mandibular first molar for the comparison (Jiang et al., 
2018; Saber et al., 2020; Wang et al., 2020; Yuan et al., 
2016; Zhang et al., 2019) while some others used premo-
lars (Franco et al., 2020; Roperto et al., 2019). Regarding 
the load applied, vertical (Franco et al., 2020; Jiang et al., 
2018; Saber et al., 2020; Wang et al., 2020; Yuan et al., 
2016; Zhang et al., 2019) or oblique load (Franco et al., 
2020; Jiang et al., 2018; Roperto et al., 2019; Saber et al., 
2020; Yuan et al., 2016) with magnitudes of 80 ~ 800 N 
were often included in these studies. One of the stud-
ies included the extended FEA for simulating the initi-
ation and propagation of cracks in dental hard tissues 
(Zhang et al., 2019). Failure probability was also evalu-
ated in some of the FEA studies through Weibull anal-
ysis (Wang et al., 2020). Of the results analyses, only 
von Mises stress was evaluated in most studies (Jiang 
et al., 2018; Roperto et al., 2019; Saber et al., 2020; Yuan 
et al., 2016). Other studies analysed only maximum 
principal stress (Wang et al., 2020). One study included 
both maximum principal stress and von Mises (Zhang 
et al., 2019). The general conclusions of these FEA stud-
ies support the idea that conservative endodontic ac-
cess cavities resulted in reduced stress concentration in 

F I G U R E  6   Stress distributions at dentine–composite interface from occlusal (a) and distal (b) surfaces. Both tensile and compressive 
stresses (MPa) concentrations are shown at the dentine–enamel junction. CPRESS (contact pressure) indicates interfacial stress, positive 
values indicate interfacial compressive stress while negative indicate interfacial tensile stress. The interfacial tensile stress contributes most 
to debonding
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dentine, especially at the cervical region (Franco et al., 
2020; Jiang et al., 2018; Roperto et al., 2019; Saber et al., 
2020; Wang et al., 2020; Yuan et al., 2016; Zhang et al., 
2019).

Another important process of endodontic treatment 
is dentine removal by root canal preparation (Saber 
et al., 2020; Smoljan et al., 2021; Wang et al., 2020). Some 
other studies also investigated the susceptibility of verti-
cal root fractures with these factors (Cheng et al., 2007; 
Lertchirakarn et al., 2003a, 2003b; Sathorn et al., 2005a, 
2005b; Yuan et al., 2018). Basically, two kinds of loading 
force were considered: the vertical/oblique occlusal loads 
to mimic the mastication process of the tooth (Palareti 
et al., 2016; Saber et al., 2020; Smoljan et al., 2021; Wang 
et al., 2020) or the compaction force/pressure applied to 
the inner wall of the root canals to mimic the compaction 
or condensation of gutta percha during the obturation 
(Chai & Tamse, 2018; Palareti et al., 2016). The effects of 
irrigants on the stress concentrations of roots were also fo-
cused in one study (Belli et al., 2014). Another two studies 
built a simplified model to study the fracture resistance 

of radicular dentine by using transverse root sections 
through analytical solution, FEA and laboratory experi-
ments (Munari et al., 2019; Xu et al., 2021).

The mostly extensive category of FEA studies in end-
odontics is associated with restorative procedures with 
direct resin composite restoration, full-coverage crown, 
fibre/metal post, inlay/onlay/endocrown in root-filled 
teeth with different coronal defects (Aslan et al., 2019; 
Ausiello et al.; 2017; Chang et al., 2015, 2018; Helal & 
Wang, 2019; Lin et al., 2020; Liu et al., 2014; Pinto et al., 
2019; Rodrigues et al., 2020; Santos-Filho et al., 2014; 
Wang et al., 2016; Wayne et al., 2014; Xiong et al., 2015; 
Yoon et al., 2018; Zelic et al., 2015). Similarly to FEA stud-
ies on access cavities, the FEA of restorations mostly used 
single-point loading force to the modelled tooth (Liu et al., 
2014; Aslan et al., 2019; Ausiello et al., 2017; Chang et al., 
2018; Lin et al., 2020; Pinto et al., 2019; Santos-Filho et al., 
2014; Wang et al., 2016; Xiong et al., 2015; Yoon et al., 
2018). Both axial (Aslan et al., 2019; Chang et al., 2015; 
Helal & Wang, 2019; Lin et al., 2020; Yoon et al., 2018) and 
oblique (Ausiello et al., 2017; Chang et al., 2018; Liu et al., 

T A B L E  2   Characteristics of included studies assessing the load capacity of root-filled teeth using finite element analysis

Year Author Type of access cavities Tooth type
Single/Multiple 
loading points

Load magnitude  
in total Load direction Stress parameters With experiments Results

2020 Wang et al. (2020) Conservative & traditional Maxillary first molar Multiple, four 800 N Vertical Maximum principal stress No Conservative endodontic cavity significantly 
reduced the concentration of tensile stress 
of dentine.

2020 Saber et al. (2020) Conservative & traditional 
& truss

Mandibular first 
molar

Multiple 250 N Vertical/oblique Von Mises No Conservative and truss endodontic cavity 
designs had higher stress concentrated at 
the cervical line under oblique loading.

The highest VM stress was recorded for the 
conservative access design.

2020 Franco et al. (2020) Conservative & conventional Maxillary first 
premolar

Multiple, two 100 N Vertical/oblique Displacement tensile stress No Conventional cavities presented higher 
displacement tensile stress.

2020 Guler (2020) Ultraconservative & 
traditional

Maxillary first molar Single 480 N, 240 N Vertical/oblique Von Mises No Ultraconservative cavities had higher 
maximum von Mises stresses than 
conventional ones.

2019 Zhang et al. (2019) Conservative & modified & 
traditional

Maxillary first molar Multiple (four points) 800 N Vertical Von Mises & maximum 
principal stress

No The fracture resistance of an endodontically 
treated tooth was increased by preparing 
the conservative endodontic cavity.

2019 Roperto et al. (2019) Conservative & traditional Maxillary first 
premolar

Single 100 N Oblique Von Mises With fracture test No significant differences in the fracture 
resistance among different endodontic 
cavity designs.

2018 Jiang et al. (2018) Conservative & traditional & 
extended

Maxillary first molar Single & Multiple 
(four points)

800 N, 225 N Vertical/oblique Von Mises No Conservative access cavity reduced stress 
concentration on pericervical dentine.

2018 Allen et al. (2018) Minimally invasive & 
straight-line

Mandibular first 
molar

Multiple 100 N Vertical/oblique Von Mises No A traditional endodontic access cavity may 
render a tooth more susceptible to fracture 
compared with an minimally invasive 
access design.

2016 Yuan et al. (2016) Minimally invasive & 
straight-line

Mandibular first 
molar

Single 250 N Vertical/oblique Von Mises No Minimally invasive access preparation reduced 
the stress distribution in crown and cervical 
regions.



      |  483ORDINOLA-­ZAPATA et al.

2014; Pinto et al., 2019; Santos-Filho et al., 2014; Wang 
et al., 2016; Xiong et al., 2015; Zelic et al., 2015) loads were 
applied in these studies. Molars (Helal & Wang, 2019; Lin 
et al., 2020; Rodrigues et al., 2020; Wayne et al., 2014; Yoon 
et al., 2018; Yuan et al., 2016) and premolars were the most 
frequently used teeth for the analyses (Aslan et al., 2019; 
Chang et al., 2015, 2018; Liu et al., 2014; Wang et al., 2016; 
Xiong et al., 2015; Zelic et al., 2015).

DISADVANTAGES OF FEA

The most apparent drawback of FEA is that it greatly 
relies on the model and assumptions performed dur-
ing the analysis (Choi et al., 2014). Hence, the model 
must be as precise as possible, and the parameters used 
should reflect the conditions of clinical practice or ex-
periments. The type, arrangement and total number of 
elements also impact the reliability of FEA (Trivedi, 
2014). The finer the mesh, the more accurate the result 
is, but the longer the analysis time. Hence, appropriate 

mesh size should be utilized to achieve a balance be-
tween time and accuracy. During the analysis, mesh 
size should be reduced for the same model until ac-
quiring same results of the stress analysis (Choi et al., 
2014). This is how convergence is achieved for the fi-
nite element model as to eliminate errors induced by 
the mesh size.

Whenever possible, experimental validation should 
be performed to verify the accuracy of FEA (Trivedi, 
2014), which is not a common practice in endodontic 
research. Most FEA studies performed only numeri-
cal analysis, while only few also performed laboratory 
experiments to validate the results (Lin et al., 2022a; 
Roperto et al., 2019). The other limitation is that most 
FEA studies in dentistry are used with numerous as-
sumptions, regarding the structure geometry, material 
properties, loading force, quality of bonding and bound-
ary conditions (Trivedi, 2014). For example, dentine and 
enamel are anisotropic, inhomogeneous biomaterials 
with microstructures inside them (Thompson, 2020). 
However, in order to simplify the analysis, most FEA 

T A B L E  2   Characteristics of included studies assessing the load capacity of root-filled teeth using finite element analysis

Year Author Type of access cavities Tooth type
Single/Multiple 
loading points

Load magnitude  
in total Load direction Stress parameters With experiments Results

2020 Wang et al. (2020) Conservative & traditional Maxillary first molar Multiple, four 800 N Vertical Maximum principal stress No Conservative endodontic cavity significantly 
reduced the concentration of tensile stress 
of dentine.

2020 Saber et al. (2020) Conservative & traditional 
& truss

Mandibular first 
molar

Multiple 250 N Vertical/oblique Von Mises No Conservative and truss endodontic cavity 
designs had higher stress concentrated at 
the cervical line under oblique loading.

The highest VM stress was recorded for the 
conservative access design.

2020 Franco et al. (2020) Conservative & conventional Maxillary first 
premolar

Multiple, two 100 N Vertical/oblique Displacement tensile stress No Conventional cavities presented higher 
displacement tensile stress.

2020 Guler (2020) Ultraconservative & 
traditional

Maxillary first molar Single 480 N, 240 N Vertical/oblique Von Mises No Ultraconservative cavities had higher 
maximum von Mises stresses than 
conventional ones.

2019 Zhang et al. (2019) Conservative & modified & 
traditional

Maxillary first molar Multiple (four points) 800 N Vertical Von Mises & maximum 
principal stress

No The fracture resistance of an endodontically 
treated tooth was increased by preparing 
the conservative endodontic cavity.

2019 Roperto et al. (2019) Conservative & traditional Maxillary first 
premolar

Single 100 N Oblique Von Mises With fracture test No significant differences in the fracture 
resistance among different endodontic 
cavity designs.

2018 Jiang et al. (2018) Conservative & traditional & 
extended

Maxillary first molar Single & Multiple 
(four points)

800 N, 225 N Vertical/oblique Von Mises No Conservative access cavity reduced stress 
concentration on pericervical dentine.

2018 Allen et al. (2018) Minimally invasive & 
straight-line

Mandibular first 
molar

Multiple 100 N Vertical/oblique Von Mises No A traditional endodontic access cavity may 
render a tooth more susceptible to fracture 
compared with an minimally invasive 
access design.

2016 Yuan et al. (2016) Minimally invasive & 
straight-line

Mandibular first 
molar

Single 250 N Vertical/oblique Von Mises No Minimally invasive access preparation reduced 
the stress distribution in crown and cervical 
regions.
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studies in dentistry assumed that those materials are 
isotropic, linearly elastic and homogeneous (Richert 
et al., 2020). FEA models also assumed a well-bonded 
interface. However, it is known that perfect bonding is 
difficult to achieve in the endodontic scenario because 
of the irregular geometry, residual sodium hypochlorite 
contamination, shrinkage of build-up materials, among 
others. Furthermore, the periodontal ligament (PDL) 
has a distinct stress–strain mechanical property com-
pared to its adjacent dental hard tissues, which makes 
the simulation quite hard in FEA as it would easily 
cause convergent problems (Fill et al., 2012). Thus, PDL 
has been usually considered as a linearly or non-linearly 
elastic material, or being ignored as it is softer than 
other adjacent materials (Fill et al., 2012). The bound-
ary conditions of some models found in the literature 
were not clinically representative. For instance, Allen 
et al., (2018) fixed all the nodes of the outer surface of 
the roots in all directions. However, the root of a tooth 
should be surrounded by PDL, cortical and trabecular 
bone rather than fully fixed. Hence, the model could be 
over-constrained by using inappropriate boundary con-
ditions, which may result in inaccurate results of FEA.

The third limitation of traditional FEA in dentistry 
is that it usually assumes that every material is intact 
with no intrinsic defect into it (Zhang et al., 2019). 
Nevertheless, every object has numerous defects or 
porosities at the micro level, for example, voids in the 
composite material, preoperative cracks in the dentinal 
structure (Chen et al., 2008). Consequently, failure may 
not necessarily develop in the positions of highest stress, 
but in those with high stress intensity factors or low 
fracture toughness. As a result, some advanced finite 
element methods, for example, extended finite element 
method (XFEM), have been introduced and applied in 
dental research (Zhang et al., 2019). XFEM was devel-
oped to allow failure processes such as crack propaga-
tion to be modelled explicitly.

It should be noted that the maximum principal stress 
was evaluated in numerous studies in endodontics (Aslan 
et al., 2019; Ausiello et al., 2017; Chang et al., 2015, 2018; 
Lin et al., 2020; Liu et al., 2014; Santos-Filho et al., 2014; 
Xiong et al., 2015; Yoon et al., 2018; Zelic et al., 2015), oth-
ers used von Mises (Helal & Wang, 2019; Liu et al., 2014; 
Pinto et al., 2019; Rodrigues et al., 2020; Santos-Filho 
et al., 2014; Wang et al., 2016; Wayne et al., 2014). In over-
all, most studies used only von Mises to evaluate the load 
capacity of teeth (Allen et al., 2018; Guler, 2020; Jiang 
et al., 2018; Roperto et al., 2019; Saber et al., 2020; Yuan 
et al., 2016). Though dentine also has plastic behaviours, 
the most common way of failure in dentine is fracture 
rather than plastic deformation (Ivancik & Arola, 2013). 
Hence, the tensile stress should be the leading/main stress 

causing failure under static loading based on the maxi-
mum principal stress criterion (Wang et al., 2016). As a 
result, FEA studies regarding load capacity of teeth, for 
example, designs of access cavities, should more focus on 
maximum principal stress, or both maximum principal 
stress and von Mises when also considering the plastic be-
haviour of dentine.

In addition, some studies have compared peak val-
ues of stresses to investigate the load capacity of differ-
ent groups/designs (Franco et al., 2020; Jiang et al., 2018; 
Saber et al., 2020). However, the high stress might be 
caused by structure features of the model, for example, 
sharp angles, unsmooth edge/margin, among others, but 
not by different designs. It is biased to evaluate or compare 
only peak stresses. For this reason, stress distributions of 
different areas and median stress values should also be 
considered and analysed. Overall, FEA studies in end-
odontics has displayed a great significance in evaluating 
the biomechanical performance of teeth and instruments 
regarding the variations in structures, treatments, and 
materials. As a powerful tool, this method should be con-
ducted along with laboratory experiments in the future to 
increase validity and reliability. Differences between both 
methods can be found in Table 3.

CLINICAL STUDIES

Although mechanistic laboratory studies can allow re-
searchers to understand complex biological or physical 
behaviours, laboratory results should be validated by 
clinical observation. It is important to acknowledge that 
the Oxford Centre for Evidence Based Medicine includes 
bench tests at the same level of evidence as expert opinion 
(level 5). Even though it is debatable whether laboratory 
data can predict clinical behaviour or not, it is important 
to highlight that laboratory data must be cited as basic 
research and not as evidence-based medicine. In other 
words, clinical decisions cannot be solely made only using 
laboratory data even if they are aggregated into systematic 
reviews and meta-analyses. Evidence-based medicine not 
only considers the best available evidence but also con-
siders patients' preferences and individual clinical experi-
ence in order to guide clinical decisions (Sackett, 1997).

THE PRIMARY OUTCOME

The final test of any new technique or material is a care-
fully controlled clinical trial (DeLong & Douglas, 1983). 
The outcome of an experimental study or clinical trial 
often returns a collection of endpoints rather than a single 
event. For example, a clinical trial comparing the efficacy 
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of a new restorative modality to improve the survival of 
a root-filled tooth against standard of care can present 
different outcomes. Various endpoints that could appear 

over the course of years are secondary caries, marginal 
failures, marginal discoloration, loss of anatomical form, 
debonding of the restoration, changes in surrounding 

T A B L E  3   Differences between finite element analysis (FEA), static-loading and cyclic-loading tests

FEA Static-loading tests Cyclic-loading tests

Destructive No Most are destructive. The fracture loads are 
usually high, resulting in non-restorable 
fractures for the tested samples.

•	 Samples could be fractured by relatively 
lower loads with larger number of cycles, 
or higher loads with fewer number of 
cycles.

•	 The tested samples could present only 
degradation (no fractures), limited cracks 
(pre-cracks) or final destructive fractures.

•	 Thus, the results could be non-destructive 
or destructive according to the aim of the 
test.

Results acquired Stress, strain, 
load

(both 
magnitude 
and 
direction)

Load capacity Load amplitude, number of cycles to failure, 
and time.

Influencing 
factors

Influenced by 
model, mesh 
and setting

Consistency of the operator, sample variability Consistency of the operator, sample 
variability.

Duration of 
testing

Short Short Long, could range from several hours to 
several months, depending on the type of 
samples and aim of the study.

Cost Low Low High

Advantages •	 Can focus on 
a particular 
factor during 
test with 
other factors 
fixed.

•	 Can 
address the 
vulnerable 
sites of the 
structure/
material and 
interpret the 
mechanisms 
of failure.

•	 Easy to perform.
•	 Mode of fracture can be studied.

•	 Cyclic loading considers not only the effect 
of load capacity, but also that of the fatigue 
behaviour of materials and structural 
defects.

•	 The accumulation of energy which causing 
failure during the cyclic loading process 
could also be considered.

•	 The process of crack initiation and 
propagation could be presented through 
cyclic loading.

•	 The lifetime of the tooth and failure 
mechanisms under fatigue could be 
predicted.

Disadvantage •	 May be 
affected by 
different 
setting 
parameters.

•	 Should be 
verified by 
experiments.

•	 This method assumes that the fracture of a 
tooth is only induced by high loads.

•	 However, not all the cracks/fractures of 
teeth are induced by high loads.

•	 The structural defects, e.g. micro-cracks 
or micro-defects, in teeth could lead to 
destructive fractures of teeth under a 
relatively low load.

•	 The fatigue behaviours, an important 
material property for studying fractures of 
materials, of enamel and dentine could not 
be considered through static-loading test.

•	 The cyclic-loading tests are usually time-
consuming and expensive.

•	 The analysis of the results, e.g. the 
lifetime prediction, the fatigue property of 
structures/materials, the mechanisms of 
crack initiation and propagation, requires 
basis and equations in mechanics.

•	 The collaboration of dentists and experts in 
mechanics would be necessary.
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tissues, crack development, cuspal fractures, change in 
the time to survival and in some cases tooth loss. The pres-
ence of multiple outcomes generates some difficulty in 
the analysis of the failure frequency, or the efficacy of the 
restorative intervention assessed. The primary endpoint is 
usually the most important outcome and the basis for es-
tablishing the required number of patients to be enrolled 
in a clinical study. Historically, catastrophic failures or 
unrestorable fractures of the root-filled tooth have been 
used as the primary outcome in laboratory or clinical stud-
ies. Secondary outcomes are also reported and are used 
to evaluate additional effects of the intervention under 
investigation and include tooth discoloration, debonding, 
presence of restorable fractures, among others.

Overall, clinical studies assessing the prognosis of root-
filled teeth have utilized two main outcomes.

a. Survival: absence of catastrophic failure (failure 
leading to loss of the restoration or tooth); and b. Success: 
absence of both catastrophic failure (restoration or tooth 
loss) and non-catastrophic failures.

It is also important to mention that catastrophic failures 
may take months or years to appear. In restorative dentistry 
there is a lag between the completion of the root canal 
treatment and the restoration placement or between the 
restoration completion and the occurrence of failure. This 
time-lag influences the primary and secondary outcome. 
A restorative treatment outcome that is deemed successful 
at the 1-year recall visit can be catalogued as a failure if 
the patient is followed-up for a longer time such as for 3 
or 5 years. For example, according to Pradeepkumar et al. 
(2016) vertical root fractures are detected between 2 and 
5 years after root canal completion. Clinical trials assess-
ing the prognosis of root-filled teeth reviewed in this report 
have mostly utilized short to medium-term follow-up peri-
ods. Gbadebo et al. (2014) used the shortest follow-up pe-
riod (0.5 years), another studies used between 2 and 6 years 
of follow-up (Bitter et al., 2009; Cloet et al., 2017; Ferrari 
et al., 2000, 2007, 2012; Karteva et al., 2018; Mannocci et al., 
2002, 2005; Sarkis-Onofre et al., 2014; Schmitter et al., 
2011; Skupien et al., 2016). To date, the limited long-term 
follow-up evidence (>10 years) was derived from two ran-
domized clinical trial (Ellner et al., 2003; Naumann et al., 
2017), and three non-randomized trials (Fokkinga et al., 
2007, 2008) (Table 4) Thus, readers need to consider that 
short-term outcomes may not reflect the clinical reality.

COHORT VERSUS RANDOMIZED 
CLINICAL TRIALS

A cohort study is an observational study design in which 
the researcher observes subjects over a period of time based 
on the presence or absence of an exposure, for example, 

presence of a crown versus a filling. The exposure has al-
ready occurred but the endpoint (secondary caries, cuspal 
fracture, vertical root fracture or extraction) is yet to hap-
pen. On the other hand, a randomized clinical trial is an 
experimental study design wherein patients are assigned 
randomly by a researcher to the intervention (e.g. crown) or 
the control group (e.g. filling) and compared overtime for 
differences in outcomes. Control groups can also include 
the standard of care. Cohort studies are intrinsically rated 
lower than randomized trials in the hierarchy of evidence 
due to higher risk of different biases (Higgins et al., 2021).

There are at least three broad types of biases encoun-
tered in clinical studies, these are bias in the selection of 
study participants, for example enrolling patients with fa-
vourable preoperative prognosis; information bias or bias 
due to differences in the way information is obtained (lack 
of precision); and confounding or presence of prognostic 
factors (e.g. age, unrecorded amount of ferrule, parafunc-
tion, among others) associated with both the exposure and 
the outcome and directly involved in the causal pathway. 
Confounders can bias the effect of the intervention or expo-
sure on the final outcome. Other types of biases are related 
to missing outcome data (attrition or loss to follow-up) and 
bias in selection of the reported result (Higgins et al., 2021).

One way to reduce the effect of confounders is to use 
stratification. Stratification is a procedure in which both 
treatment and control groups are matched based on sus-
pected confounders either a priori, that is, during the de-
sign phase of the clinical trial or during statistical analysis 
(Kernan et al., 1999). When stratification is done a priori 
or during the randomization process, it is termed as pre-
stratification. The goal of pre-stratification is to prevent 
disproportion of known confounding factors (Kernan et al., 
1999) such as number of residual walls, presence of ferrule, 
type of tooth, age, etc. For example, having more anterior 
teeth in one group compared to the other, or significant 
inter-group differences between the age of participants can 
affect the results. Among 13 randomized clinical trials in 
the subject (Table 4), only four studies pre-stratified the 
amount of residual tooth structure (Bitter et al., 2009; Cloet 
et al., 2017; Ferrari et al., 2007, 2012) (Table 4)

Though randomized clinical trials are rated higher 
than cohort studies, they still are at risk of biases. Risk of 
bias in randomized trials are broadly grouped according 
to issues arising in five different domains – issues with the 
randomization process, deviations from intended inter-
ventions, missing outcome data, errors in measurement, 
and selective reporting of results (Higgins et al., 2021).

An important factor that can affect the power of a clin-
ical trial is missing outcome data or losses to follow-up. 
Traditionally, the internal validity of study findings most 
likely will be affected if the loss to follow-up proportion is 
above 20%. The hierarchy of evidence for making treatment 



      |  487ORDINOLA-­ZAPATA et al.

T
A

B
L

E
 4

 
C

ha
ra

ct
er

is
tic

s o
f r

ev
ie

w
ed

 ra
nd

om
iz

ed
 c

on
tr

ol
le

d 
tr

ia
ls

A
ut

ho
r 

(Y
ea

r)
Fo

llo
w

-u
p 

(y
ea

rs
)

T
ee

th
 (n

) L
os

t 
to

 fo
llo

w
-u

p 
(%

)
R

es
id

ua
l c

or
on

al
 s

tr
uc

tu
re

 P
re

-
st

ra
ti

fi
ca

ti
on

 (Y
/N

)
In

te
rv

en
ti

on
s 

te
st

ed
O

ut
co

m
es

D
ir

ec
t v

er
su

s I
nd

ir
ec

t r
es

to
ra

tio
ns

Sk
up

ie
n 

et
 a

l. 
(2

01
6)

5 
ye

ar
s

A
nt

, P
M

, M
(5

7)
; (

<
20

%
)

A
t l

ea
st

 1
-w

al
l p

re
se

nt
; N

Fi
b-

P/
C

om
po

si
te

 v
er

su
s

Fi
b-

P/
C

ro
w

n
Fi

b-
P/

C
om

po
si

te
: S

uc
ce

ss
 (9

2%
); 

Su
rv

iv
al

 
(9

6%
)

Fi
b-

P/
C

ro
w

n:
 S

uc
ce

ss
 (9

8%
); 

Su
rv

iv
al

 (1
00

%
)

M
an

no
cc

i e
t a

l. 
(2

00
2)

3 
ye

ar
s

PM (1
17

); 
(<

20
%

)
>

2 
w

al
ls

; N
Fi

b-
P/

C
om

po
si

te
 v

er
su

s
Fi

b-
P/

C
ro

w
n

Fi
b-

P/
C

om
po

si
te

: S
uc

ce
ss

 (9
2%

)
Fi

b-
P/

C
ro

w
n:

 S
uc

ce
ss

 (9
4%

)

Po
st

s v
er

su
s N

o 
po

st
s

K
ar

te
va

 e
t a

l. 
(2

01
8)

1 
ye

ar
PM (3

5)
; (

<
20

%
)

A
bs

en
ce

 o
f 1

–2
 w

al
ls

; N
M

et
al

-P
 v

er
su

s
Fi

b-
P 

ve
rs

us
N

o 
po

st
Fi

na
l r

es
to

ra
tio

n:
 C

om
po

si
te

Su
cc

es
s a

nd
 su

rv
iv

al
: R

at
es

 n
ot

 sp
ec

ifi
ed

C
lo

et
 e

t a
l. 

(2
01

7)
5 

ye
ar

s
A

nt
, p

os
te

ri
or

(2
4-

18
1)

; (
<

20
%

)
>

2-
w

al
ls

;
<

2-
w

al
ls

; f
er

ru
le

 p
re

se
nt

,Y
C

as
t-P

C
N

o 
po

st
Fi

b-
P 

(p
re

fa
br

ic
at

ed
)

Fi
b-

P 
(c

us
to

m
)

Fi
na

l r
es

to
ra

tio
n:

 C
ro

w
n

C
as

t-P
C

: S
ur

vi
va

l (
91

.2
%

)
N

o 
po

st
: S

ur
vi

va
l (

91
.7

%
)

Fi
b-

P 
(p

re
fa

br
ic

at
ed

): 
Su

rv
iv

al
 (9

1.
4%

)
Fi

b-
P 

(c
us

to
m

): 
Su

rv
iv

al
 (9

2.
1%

)

Fe
rr

ar
i e

t a
l. 

(2
01

2)
6 

ye
ar

s
PM (3

60
); 

(<
20

%
)

Pr
e-

st
ra

tif
ic

at
io

n 
gr

ou
ps

:
N

o 
w

al
l; 

no
-fe

rr
ul

e
N

o 
w

al
l; 

fe
rr

ul
e 

pr
es

en
t

1-
w

al
l

2-
w

al
ls

3-
w

al
ls

4-
w

al
ls

Fi
b-

P 
(p

re
fa

br
ic

at
ed

) v
er

su
s

Fi
b-

P 
(c

us
to

m
) v

er
su

s
N

o 
po

st
Fi

na
l r

es
to

ra
tio

n:
 C

ro
w

n

Fi
b-

P 
(p

re
fa

b)
: S

uc
ce

ss
 (7

6.
6%

); 
Su

rv
iv

al
 

(9
9.

1%
)

Fi
b-

P 
(c

us
to

m
): 

Su
cc

es
s (

61
.3

%
); 

Su
rv

iv
al

 
(9

7.
2%

)
N

o 
po

st
: S

uc
ce

ss
 (4

2.
1%

); 
Su

rv
iv

al
 (8

5.
9%

)

Bi
tte

r e
t a

l. 
(2

00
9)

2.
5 

ye
ar

s
A

nt
, P

M
, M

(1
20

); 
(<

20
%

)
Pr

e-
st

ra
tif

ic
at

io
n 

gr
ou

ps
:

N
o 

w
al

l
1-

w
al

l
>

2-
w

al
ls

Fi
b-

P 
ve

rs
us

N
o 

po
st

Fi
na

l r
es

to
ra

tio
n:

 C
om

po
si

te
; p

ar
tia

l 
cr

ow
ns

 fo
r >

2-
w

al
ls

Fi
b-

P:
 S

uc
ce

ss
 (9

3%
)

N
o 

po
st

: S
uc

ce
ss

 (9
0%

)
Fo

r N
o-

w
al

l g
ro

up
: F

ib
-P

 (9
3%

); 
N

o 
po

st
 

(6
9%

)

Fe
rr

ar
i e

t a
l. 

(2
00

7)
2 

ye
ar

s
PM (2

40
); 

(<
20

%
)

Pr
e-

st
ra

tif
ic

at
io

n 
gr

ou
ps

:
N

o 
w

al
l; 

no
-fe

rr
ul

e
N

o 
w

al
l; 

fe
rr

ul
e 

pr
es

en
t

1-
w

al
l

2-
w

al
ls

3-
w

al
ls

4-
w

al
ls

Fi
b-

P 
ve

rs
us

N
o 

po
st

Fi
na

l r
es

to
ra

tio
n:

 C
ro

w
n

Fi
b-

P:
 S

ur
vi

va
l (

92
.5

%
)

N
o 

po
st

: S
ur

vi
va

l (
70

%
)

(C
on

tin
ue

s)



488  |      RESEARCH METHODS TO STUDY THE LOAD CAPACITY

A
ut

ho
r 

(Y
ea

r)
Fo

llo
w

-u
p 

(y
ea

rs
)

T
ee

th
 (n

) L
os

t 
to

 fo
llo

w
-u

p 
(%

)
R

es
id

ua
l c

or
on

al
 s

tr
uc

tu
re

 P
re

-
st

ra
ti

fi
ca

ti
on

 (Y
/N

)
In

te
rv

en
ti

on
s 

te
st

ed
O

ut
co

m
es

M
an

no
cc

i e
t a

l. 
(2

00
5)

5 
ye

ar
s

PM (2
19

); 
(<

20
%

)
>

2-
w

al
ls

; N
Fi

b-
P/

co
m

po
si

te
 v

er
su

s
no

 p
os

t/
am

al
ga

m
Fi

b-
P/

C
om

po
si

te
: S

uc
ce

ss
 (8

9%
); 

Su
rv

iv
al

 
(1

00
%

)
N

o 
po

st
/A

m
al

ga
m

: S
uc

ce
ss

 (9
1%

); 
Su

rv
iv

al
 

(9
4%

)

Pr
ef

ab
ri

ca
te

d 
ve

rs
us

 c
us

to
m

 c
as

t-P
C

Sa
rk

is
-O

no
fr

e 
et

 a
l. 

(2
01

4)
3 

ye
ar

s
A

nt
, p

os
te

ri
or

(7
2)

; (
20

%
, 

ba
la

nc
ed

 
ac

ro
ss

 g
ro

up
s)

N
o 

co
ro

na
l w

al
l; 

fe
rr

ul
e 

up
 to

 
0.

5 
m

m
; N

Fi
b-

P 
ve

rs
us

C
as

t-P
C

Fi
na

l r
es

to
ra

tio
n:

 C
ro

w
n

Fi
b-

P:
 S

ur
vi

va
l (

91
.9

%
)

C
as

t-P
C

: S
ur

vi
va

l (
97

.1
%

)

El
ln

er
 e

t a
l. 

(2
00

3)
10

 y
ea

rs
A

nt
, P

M
(5

0)
; (

<
20

%
)

A
t l

ea
st

 2
 m

m
 fe

rr
ul

e 
pr

es
en

t; 
N

M
et

al
-P

 (t
hr

ea
de

d)
 v

er
su

s
C

as
t-P

C
 (d

iff
er

en
t t

yp
es

)
Fi

na
l r

es
to

ra
tio

n:
 C

ro
w

n

M
et

al
-P

: S
ur

vi
va

l (
 8

0%
)

C
as

t-P
C

: S
ur

vi
va

l (
97

%
)

R
ig

id
 v

er
su

s n
on

-r
ig

id
 p

os
ts

N
au

m
an

n 
et

 a
l. 

(2
01

7)
11

 y
ea

rs
A

nt
, P

M
, M

(9
1)

; (
>

20
%

)
<

2-
w

al
ls

; f
er

ru
le

 p
re

se
nt

; N
Fi

b-
P 

ve
rs

us
M

et
al

-P
Fi

na
l r

es
to

ra
tio

n:
 C

ro
w

n

Fi
b-

P:
 S

ur
vi

va
l (

58
.7

%
)

M
et

al
-P

: S
ur

vi
va

l (
74

.2
%

)

G
ba

de
bo

 e
t a

l. 
(2

01
4)

0.
5 

ye
ar

s
A

nt
, P

M
, M

(4
0)

; (
<

20
%

)
A

t l
ea

st
 2

 m
m

 fe
rr

ul
e 

pr
es

en
t; 

N
Fi

b-
P 

ve
rs

us
M

et
al

-P
Fi

na
l r

es
to

ra
tio

n:
 C

ro
w

n

Fi
b-

P:
 S

ur
vi

va
l (

10
0%

)
M

et
al

-P
: S

ur
vi

va
l (

97
.5

%
)

Sc
hm

itt
er

 e
t a

l. 
(2

01
1)

5 
ye

ar
s

N
ot

 sp
ec

ifi
ed

(1
00

); 
(<

20
%

)
A

t l
ea

st
 4

0%
 c

or
on

al
 lo

ss
; N

Fi
b-

P 
ve

rs
us

M
et

al
-P

Fi
na

l r
es

to
ra

tio
n:

 C
ro

w
n

Fi
b-

P:
 S

ur
vi

va
l (

71
.8

%
)

M
et

al
-P

: S
ur

vi
va

l (
50

%
)

A
bb

re
vi

at
io

ns
: A

nt
, a

nt
er

io
r; 

C
as

t-P
C

, c
us

to
m

 c
as

t p
os

t a
nd

 c
or

e;
 F

ib
-P

, f
ib

re
 p

os
t; 

M
, m

ol
ar

; M
et

al
-P

, p
re

fa
br

ic
at

ed
 m

et
al

 p
os

t; 
PM

, p
re

m
ol

ar
.

T
A

B
L

E
 4

 
(C

on
tin

ue
d)



      |  489ORDINOLA-­ZAPATA et al.

guidelines (Oxford Centre for Evidence-Based Medicine, 
2009) includes systematic review of well-designed large ran-
domized clinical trials (with homogeneity), and random-
ized clinical trials with narrow confidence interval. Among 
the clinical studies included in this review, all the non-
randomized trials (observational studies) had substantial 
loss to follow-up (>50%) (Table 5). On the other hand, only 
one randomized trial had a 20% loss to follow-up. Although 
formal risk of bias calculation of individual studies was not 
conducted in this review, most of the included randomized 
clinical trials in the topic were judged to be high or unclear 
risk of bias according to numerous systematic reviews that 
combined findings from these studies (Batista et al., 2019; 
Bolla et al., 2007; Marchionatti et al., 2017; Naumann 
et al., 2018; Sarkis-Onofre et al., 2017; Schwendicke and 
Stolpe, 2017, 2018; Sequeira-Byron et al., 2015; Zhu et al. 
2015). Some limitations were observed among these sys-
tematic reviews or meta-analysis as well, for example, non-
randomized clinical trials were included in the analysis 
(Naumann et al., 2018; Sarkis-Onofre et al., 2017; Shu et al., 
2018), overlapping information is also common, the find-
ings of Mannocci et al. (2002), Fokkinga et al. (2007), Bitter 
et al. (2009) and Gbadebo et al. (2014) have been reproduced 
in at least two systematic reviews or meta-analysis.

LIMITATIONS OF THE CLINICAL 
EVIDENCE

Numerous inconsistencies of effect estimates have been 
reported across different prospective studies which made 
summarizing the conclusions of clinical trials difficult. 
Overall, studies are heterogeneous regarding important 
baseline factors such as different types of anatomy (e.g. 
anterior, bicuspid and molar) or different amounts of re-
sidual tooth structure (e.g. presence/absence of ferrule 
or number of dentinal walls). Additional heterogene-
ity was observed due to the presence of different post 
systems/materials or differences in clinical procedures 
and luting cements. Furthermore, clinical studies have 
assessed outcomes using different definitions (restora-
tion success versus restoration survival versus tooth sur-
vival). This highlights the need for more well-designed 
randomized clinical trials with consistent protocols and 
longer follow-up periods to increase our confidence in 
the findings.

CONCLUDING REMARKS

Laboratory models to test the load capacity and durabil-
ity of root-filled teeth are necessary for the development 
and test of new restorative modalities. Ideally, laboratory T
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data should be able to predict the clinical behaviour and 
life expectancy of the root-filled tooth. However, to date 
in vitro models present questionable accuracy and the 
results depend on the model's assumptions. Most impor-
tantly, many in vitro studies do not explore the mecha-
nisms of failure and their results are limited to rank 
different materials or treatment modalities according to 
the maximum load capacity. In many cases, the load ca-
pacity does not represent physiological values and the re-
sults are more relevant to failures caused by accidentally 
high forces. Among different methods, cyclic fatigue and 
FEA are powerful tools that need to be used in conjunc-
tion to understand the mechanisms of failure of restora-
tive procedures. Although, the majority of deterministic 
models can give insights about the failure process, these 
models also present limitations and are based on assump-
tions that require experimental validation. In the clinical 
scenario, mechanistic and hypothesis-based prospective 
studies are preferred over observational studies. These 
clinical studies should minimize error and bias during 
the design phase.
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