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Abstract 
 

Aim: The purpose of the present study is to evaluate, using finite element analysis (FEA), 
the stresses generated by the applications of partial pulpotomy, apexification, and 
regenerative endodontic procedure (REP), as well as the materials that can be used in 
these treatment procedures—calcium hydroxide (CH), mineral trioxide aggregate (MTA), 
BioAggregate (BA), and Biodentine (BD)—under functional forces on models of teeth 
having incomplete root development. 

Methodology: A maxillary incisor tooth model with complete root development and 
surrounding tissues was created three-dimensionally, utilizing tomography data in a 
computer environment. Based on this model, two healthy tooth models with complete 
and incomplete root development were created. In addition, 17 treatment procedure 
models were simulated, performing the applications of partial pulpotomy, apexification, 
and REP, using the materials CH, MTA, BA, and BD. Von Mises stress values that were 
generated in the tooth by applying functional mastication force were examined with FEA 
in three regions: apical, middle, and cervical. The results were evaluated using Altair 
Evolve structural analysis software and taking Von Mises criteria into consideration while 
the stress value range was limited from 0 to 10+ MP. 
Results: Completion of root development decreased the stresses in the teeth that had 
incomplete root development. In the partial pulpotomy models, the stresses that formed 
in the teeth decreased after completion of apexogenesis, and once again, completion of 
root development by formation of cement-like tissue following REP decreased the 
stresses that formed in the teeth. The highest stress values were detected in the apical 
and middle root regions of the models that simulated apexification, compared to other 
models. The evaluations of the materials used in these treatment procedures revealed 
that the highest stress values formed in the models that simulated the use of CH. MTA, 
BioAggregate, and Biodentine generated similar levels of stress, whereas the lowest level 
of stress was generated in the model that applied MTA. 

Conclusion: The selection of treatment procedures that stimulate root development is 
helpful in reducing stresses generated in teeth that have incomplete root development. 
Treatment models performed using MTA strengthened the tooth structure more than 
treatments performed using CH, BA, or BD. 
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Introduction 
 

The accurate determination of root development stages 
is very important in the selection of diagnostic and 
therapeutic options for injuries of permanent teeth that 
have incomplete root development involving pulp (1). 
The erupted permanent teeth most commonly complete 
60%–80% of their root development (2). The developing 
roots of the teeth with incomplete root development 
have open apexes during the 2–3 years following 
eruption. This stage is the period in which particularly 
traumatic dental injuries (TDIs) are most commonly seen 
in children. In addition, caries in children with poor oral 

hygiene may lead to pulpal inflammation, loss of vitality, 
and cessation of root development by rapid progression, 
due to incomplete root development after eruption and 
the large size of the pulp chambers (3,4). 

If pulpal inflammation has affected pulp tissue in a 
way that is reversible, the vitality of the pulp can be 
preserved by performing vital pulp treatment techniques 
such as indirect pulp capping, direct pulp capping, 
partial pulpotomy, and total pulpotomy. This allows the 
function of tooth to be maintained. Self-protection of the 
pulp after inflammation and recovery of pulpal health 
alongside regression of inflammation through the 
provision of the appropriate conditions are required for 
continuous root development(5).  

Partial pulpotomy is a vital pulp treatment 
technique that aims to remove the infected part of the 
coronal pulp and to protect the vitality of the remaining 
coronal and root pulp. It can be applied in conditions that 
allow for the control of pulpal bleeding within a few 
minutes for exposed pulp resulting from caries or trauma 

in permanent teeth with incomplete root development. 
This treatment should be applied in vital teeth, and pulp 
should be healthy or at the stage of reversible pulpitis(6). 
CH, MTA, and tricalcium silicate-based materials can be 
used in partial pulpotomy(4). 

When root canal treatment (RCT) is needed because 
of a loss of root vitality due to deep dentinal caries or 
traumatic dental injuries (TDIs) in teeth with incomplete 
root development, thin root canal walls and a very wide 
apex complicate RCT. For successful RCT, root canals 
should be hermetically obturated three-dimensionally, 
which is possible only when there is full apical closure. 
Therefore, for performing RCT, the procedures that 
stimulate apical formation should be primarily applied to 
incomplete teeth(1,7,8). Many techniques have been 
recommended for the treatment of teeth with 
incomplete root development that require RCT. The most 
commonly used techniques are apexification and 
revascularization treatments.  

Even though some difficulties related to RCT for 
teeth with incomplete root development are manageable 

through traditional apexification(9) and one-session 
apexification(10) techniques, the risk of root fracture 
formation because of a poor crown–root ratio remains. A 
retrospective clinical study conducted by Cvek(11) found 
that teeth with incomplete root development had a 
higher rate of cervical root fractures compared to teeth 

with complete root development. It has also been 
reported that the incidence of fractures ranges between 
28% and 77%, depending on the level of root 
development. This fact has directed clinicians to 
research novel procedures that result in pulp 
regeneration, dentine formation, and root development 
after treatment. It has been shown that the formation of 
new vascularized tissue can be induced in the apical 
triple region of the root canals of teeth with incomplete 
root development including a necrotic pulp and apical 
lesion which were applied endodontic treatment by 
applying REP that was first introduced in the literature 
at the beginning of 1960s. This procedure, which is 
known as revascularization today, is based on providing 
blood supply into the root canal from preapical tissues or 
intracanal vital tissues and hermetically sealing the root 
canal by forming a barrier using a calcium-silicate 
containing material in the coronal part of the root on the 
forming blood clot following disinfection of the root 
canal by irrigation agents and antimicrobial pastes prior 
to mechanical preparation of the root canal (12–14). 

After vital and nonvital treatments were applied to 
teeth and periodontal tissue, functional, parafunctional, 
and traumatic forces, along with the materials used in 
the treatments, caused stress formation in these regions. 
The vitality of pulp, the application site, and the 
biomechanical characteristics of the materials influence 
the amount of stress that forms in partial pulpotomy, 
apexification, and REP treatments (15, 16). 

In order to evaluate the biomechanical 
characteristics of the materials used in dentistry and to 
assess the stresses on dental structures, conducting 
stress analysis on these structures has become very 
widespread in recent years. The determination of the 
mechanical characteristics, stresses, and tensile 
strengths of the materials used against the functional 
forces play a key role in achieving a successful 
restoration (16, 17). Finite element analysis (FEA) is a 
computer-based quantitative analysis method that can 
be employed as an acceptable approach to solve various 
mechanical problems. Conducting stress analysis to 
determine how living organisms and organs behave 
against the forces is very difficult, costly, risky, and 
usually impossible (18). Therefore, stress analysis studies 
should be performed on models that simulate the living 
tissues. 

The purpose of this study is to evaluate partial 
pulpotomy, one-session apexification, and REPs 

treatments performed after pulpal injury caused by 
trauma or caries in teeth with incomplete root 
development to help determine how much stress occurs, 
which regions of the teeth are impacted, and the effect 
of the materials used in these treatments under the 
functional forces of FEA. This analysis aims to provide 
information about the stresses generated by treatment 
techniques under functional forces in the clinical 
environment and the preferred materials to be applied 
to teeth with incomplete root development. The study 
will also offer guidance for the selection of treatment 
techniques and materials. 
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Materials and Methods 
 

This study was approved by the Local Ethics Committee 
of Dicle University, Faculty of Dentistry (Decision no: 
2021/16). A dental tomographic image with a slice 
thickness of 0.2 mm of an 18-year-old patient taken from 
the archive of Tinus Engineering was utilized for the 
study. 

In the study, the model was obtained from 
tomography device data (HiRes3D- Plus; Largev, Beijing, 
China) using 3DSlicer software. Reverse engineering and 
three-dimensional CAD activities were performed using 
ALTAIR Evolve software, while ALTAIR Hypermesh 
software was employed for optimization of solid 
materials for analysis of environmental and construction 
activities of optimized meshwork (Figs. 1, 2). The 
Nastran-based Altair Optistruct (Altair, Troy, MI, USA) 
implicit solver was used for the simulated finite element 
models (Fig. 3). 

A model of a permanent maxillary central tooth with 
complete root development was obtained by tomography 
(Model 1). A second model, based on the structure of the 
first model, was created to simulate a tooth with 
incomplete root development with 20% root apex and 
dentine wall thickness according to the fourth stage of 
Cvek’s classification (Model 2). Subsequently, the 
structure of the model with incomplete root 
development was used to create 17 additional models to 
simulate the following conditions. 

Model 3: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing partial amputation using 2 mm 
CH. 

Model 4: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing partial amputation using 2 mm 
MTA. 

Model 5: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing partial amputation using 2 mm 
BA 

Model 6: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing partial amputation using 2 mm 
BD. 

Model 7: The state of Model 3 with complete root 
development. 

Model 8: The state of Model 4 with complete root 
development. 

Model 9: The state of Model 5 with complete root 
development. 

Model 10: The state of Model 6 with complete root 
development. 

Model 11: Tooth model with complete, permanent 

restoration by simulating the tooth with incomplete root 
development, performing apexification using 4 mm MTA. 

Model 12: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing apexification using 4 mm BA. 

Model 13: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing apexification using 4 mm BD. 

Model 14: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing REP using 3 mm MTA. 

Model 15: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing REP using 3 mm BA. 

Model 16: Tooth model with complete, permanent 
restoration by simulating the tooth with incomplete root 
development, performing REP using 3 mm BD. 

Model 17: The state of Model 14 with complete root 
development. 

Model 18: The state of Model 15 with complete root 
development. 

Model 19: The state of Model 16 with complete root 
development. 

Elastic modulus and Poisson’s ratios of the materials 
used in the models were shown in Table 1, while the 
simulations of the models were presented in Figures 2, 
3. 
 

 

 

 
Figure 1. Meshing state of the tooth model 

 

 

 

 

 

Figure 2. Palatinal force applied by a steel ball  
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Table 1. Elastic modulus of the materials (16, 19–24) 

Material 
Elastic 

Modulus 

[MPa] 

Poisson’s 

Ratio 
Color 

Enamel (19) 84.100 0.30  

Dentin (19) 18.600 0.31 

 Cement (20) 8.150 0.30 

 Pulp (16) 3 0.45 

 Periodontal Lig. (19) 68.9 0.45 

 Cortical Bone (19) 13.700 0.30 

 Trabecular Bone(19) 1.370 0.30 

 CH (21) 48.000 0.35 

 MTA (16) 11.760 0.314 

 Bioaggregate (22) 26.000 0.25 

 Biodentine (16) 22.000 0.33 

 Gutta-Percha (23) 140 0.45  

RMCIS (24) 10.860 0.30  

Composite (25) 18.600 0.28  

Foodstuff-Steel Balls 200.000 0.30  

It was assumed that all the materials and structures 
had homogeneous, isotropic, and linear elasticity. Table 
1 shows the elastic properties of the materials, as 
obtained from the literature. A 100 N force was applied 
to the longitudinal axis of the tooth with an angle of 45 
degrees over a round-shaped object from the cingulum 
region of the tooth. This mimics the functional 
mastication force on the models in the calculation of 
stress models (Fig. 2). The results were presented in 
accordance with the von Mises criteria. The calculated 
numerical data were converted to colorful graphics to 
aid the visualization of the mechanical conditions in the 
models.  

 
 

Results 
 

The models were created, and the application of stress 
was performed as determined. The model-based section 
images of the stress distribution that formed following 
the application of stress were analyzed (Figures 4-9).     

Table 2 and Graphic 1 (Figure 10) show the 
maximum von Mises stress values (MPa). The processed 
root regions of the models were divided into three equal 
portions (cervical, middle, and apical regions) to assess 
their maximum von Mises stress values.

Figure 3. Models and the materials used in the applications 

       

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 

       

Model 8 Model 9 Model 10 Model 11 Model 12 Model 13  

       

Model 14 Model 15 Model 16 Model 17 Model 18 Model 19  
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Stresses increased in the roots of the tooth models 
that were amputated using CH. MTA sealing was 
associated with lower stress compared with BA and BD 
sealings (Figs. 6, 7). 

Compared to other models, the highest stress values 
were found in the models in which MTA, BA, and BD 
materials were used for apexification. However, lower 
values were detected with MTA, which is considered to 
support dental tissues better than BA or BD (Fig. 8). 
Compared to the models with complete root 
development, higher stress values were encountered in 
the models with incomplete root development that were 
simulated with partial amputation and REP treatments 
(Figs. 6, 9). It was observed in the REP and apexification 
models evaluated for comparison between nonvital 
endodontic treatments that regeneration treatment, 

which stimulates the completion of root development, 
generated lower stresses (Figs. 8, 9, 11). In the 
comparison between partial amputation as a vital dental 
treatment and treatments applied to nonvital teeth 
without regard to which material (CH, MTA, BA, or BD) 
was used, it was found that stresses were distributed 
more appropriately in the models simulated with partial 
amputation (Figs. 6-9, 11). 

 

Intramaterial Stresses 
 

The evaluation between the materials regarding 
generated stresses showed that the lowest stress was 
generated by MTA (Table 3, Fig. 12), followed by BD, BA, 
and CH (Figs. 11, 13-16). 

 

Table 2. Stress values forming in the models (apical-middle-cervical).  

Model Treatment Material Apical Middle Cervical 

Model 1 Health tooth-OA N/A 33.38 28.09 44.06 

Model 2 Health tooth-OA N/A 1195 24.89 41.62 

Model 3 Partial pulpotomy-OA CH 35.80 28.70 49.57 

Model 4 Partial pulpotomy-OA MTA 35.80 28.71 49.19 

Model 5 Partial pulpotomy-OA Bioaggregate 35.80 28.70 49.35 

Model 6 Partial pulpotomy-OA Biodentine 35.80 28.70 49.29 

Model 7 Partial pulpotomy-OA CH 13.37 26.39 48.50 

Model 8 Partial pulpotomy-CA MTA 13.36 25.77 48.35 

Model 9 Partial pulpotomy-CA Bioaggregate 13.36 26.33 48.41 

Model 10 Partial pulpotomy-CA Biodentine 13.36 25.77 48.40 

Model 11 Apexification MTA 39.65 29.49 58.02 

Model 12 Apexification Bioaggregate 40.45 29.65 58.02 

Model 13 Apexification Biodentine 40.29 29.61 58.02 

Model 14 REP-OA MTA 36.97 27.95 53.35 

Model 15 REP-OA Bioaggregate 37.05 28.44 53.76 

Model 16 REP-OA Biodentine 37.02 28.10 53.66 

Model 17 REP-CA MTA 13.65 26.11 53.32 

Model 18 REP-CA Bioaggregate 13.69 26.47 53.62 

Model 19 REP-CA Biodentine 13.65 26.37 53.41 
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Table 3. Maximum stress values generated in the materials used in the models. 

Model Treatment Material Stress value (MPa) 

Model 3 Partial pulpotomy-OA CH 41.68 

Model 4 Partial pulpotomy-OA MTA 15.01 

Model 5 Partial pulpotomy-OA Bioaggregate 30.03 

Model 6 Partial pulpotomy-OA Biodentine 24.67 

Model 7 Partial pulpotomy-CA CH 35.21 

Model 8 Partial pulpotomy-CA MTA 13.95 

Model 9 Partial pulpotomy-CA Bioaggregate 26.35 

Model 10 Partial pulpotomy-CA Biodentine 24.50 

Model 11 Apexification MTA 14.41 

Model 12 Apexification Bioaggregate 28.88 

Model 13 Apexification Biodentine 23.70 

Model 14 REP-OA MTA 10.04 

Model 15 REP-OA Bioaggregate 21.68 

Model 16 REP-OA Biodentine 18.42 

Model 17 REP-CA MTA 10.48 

Model 18 REP-CA Bioaggregate 22.87 

Model 19 REP-CA Biodentine 19.33 

 

 

 

a                                      b 

 
Figure 4. The stress distributions of Models 1 and 2 (a: Model 1, b: Model 2) 

 

 

 

 

a                       b                      c                         d 

 
Figure 5. The stress distributions of Models 3-4-5-6 (a: Model 3, b: Model 4, c: Model 5, d: Model 6) 
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a                    b                   c                   d 

 
Figure 6. The stress distributions of Models 7-8-9-10 (a: Model 7, b: Model 8, c: Model 9, d: Model 10) 

 

 

a                               b                            c 

 
Figure 7. The stress distributions of Models 11-12-13 (a: Model 11, b: Model 12, c: Model 13) 

 

 

a                               b                               c 

 
Figure 8. The stress distributions of Models 14-15-16 (a: Model 14, b: Model 15, c: Model 16) 

 

 

 

a                             b                              c 

 
Figure 9. The stress distributions of Models 17-18-19 (a: Model 17, b: Model 18, c: Model 19) 

 

 

Figure 10. Stress values in the apical, middle and cervical regions of all models (PP: Partial 

pulpotomy, AP: Apexification, OA: Open apex, CA: Closed apex, BA: Bioaggregate, BD: Biodentine). 
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a                   b                   c                     d 

 

Figure 11. Intra-material stress distribution of Models 3-4-5-6 (a: Model 3, b: Model 4, c: Model 5, d: Model 6) 

 

 

Figure 12. The intra-material stress values of all models (PP: Partial pulpotomy, AP: Apexification, 

OA: Open apex, CA: Closed apex, BA: Bioaggregate, BD: Biodentine) 

 

a                   b                            c                d 

 

Figure 13. Intra-material stress distribution of Models 7-8-9-10 (a: Model 7, b: Model 8, c: Model 9, d: Model 10) 

 

 

 

a                                      b                                  c 

 

Figure 14. Intra-material stress distribution of Models 11-12-13 (a: Model 11, b: Model 12, c: Model 13) 
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a                               b                                   c 

 

Figure 15. Intra-material stress distribution of Models 14-15-16 (a: Model 14, b: Model 15, c: Model 16) 

 

 

 

a                              b                                c 

 

Figure 16. Intra-material stress distribution of Models 17-18-19 (a: Model 17, b: Model 18, c: Model 19) 

 

Discussion 
 
According to the results of this study, treatment 
protocols and the materials used in these treatment 
protocols change stress values and distributions. As a 
consequence, the hypothesis that different treatment 
protocols and materials have different effects on stress 
values and distributions can be accepted. 

Principal stress values can be used to evaluate the 
analysis results for fragile materials while von Mises 
stress values can be used for ductile materials. In many 
analyses, von Mises stresses are preferred because they 
provide information about stresses throughout the 
structure and indicate the probability that damage will 
occur. For these reasons, we preferred to evaluate von 
Mises stresses for the models created in our study. 

According to the study results, the highest stress 
values were found in the cervical region of the root 
dentin in the models with incomplete root development. 
Because the crown-to-root ratio changes due to the 
completion of root development, the fracture resistance 
against functional forces changed in the apical, middle, 
and cervical regions. Similarly, Anthrayose et al. (26) and 
Çetinsaya et al. (27) used FEA to analyze tooth models 
with complete and incomplete root development. These 
studies have reported that lower levels of stress were 
generated in the teeth with complete root development. 

Based on this information, it can be proposed that 
increasing root length and thickening thin dentin walls 

results in decreased stresses and a more balanced stress 
distribution.  

The stress generated in the apical part of the tooth 
decreased at a rate of approximately 60% upon the 
completion of apexogenesis in the partial pulpotomy 
models. A lower rate of reduction was observed in the 
cervical region, which exhibited the most intense stress 
formation. Therefore, it can be stated that the stresses 
generated in the dental tissues decreased after the 
completion of apexogenesis and were distributed in a 
more balanced manner. Lower stress generation and a 
more balanced stress distribution were observed in 
complete and incomplete models simulated using MTA 
compared to models simulated using other materials. 
Stress values generated in models simulated using BA and 
BD were similar, although slightly higher, to those using 
MTA. CH was the material that generated the highest 
level of stress. Thus far, no studies have examined stress 
distribution after partial pulpotomy. The findings of our 
study indicated that the stress generated in the tooth 
can be reduced by changing the crown–root ratio in favor 
of the root. This can be attributed to apexogenesis and 
thickening of the dentin walls. These results are similar 
to those of the study by Belli et al., in which they 
evaluated different treatment procedures and examined 
the stresses in models simulating total pulpotomy using 
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CH, MTA, and Biodentine (16). The presence of vital 
tissues in the cervical region of the tooth may help 
increase the fracture resistance of the tooth by 
facilitating dentin apposition upon completion of root 
development using the partial pulpotomy technique. 
Therefore, the tooth demonstrates a balanced stress 
distribution similar to that in a healthy tooth. 

Since root development cannot be stimulated with 
the apexification technique, the post-treatment values 
were monitored and analyzed. According to our study 
results, the stress levels generated in the cervical regions 
of the models were similar. The stresses generated by 
the materials used as apical plugs were approximately 
similar, and the lowest stress values were detected in 
models using MTA. MTA was applied using BD and BA. Our 
results are supported by the findings of studies carried 
out by Belli et al, Eramet al, Özdemir et al, Çetinkaya et 
al, and Ok et al. to examine models that achieved 
apexification using FEA (22, 26, 28–30). Belli et al. 
reported an increase in stress in the apical and middle 
regions of the root in models that applied the 
apexification technique (28, 31). In our study, similar 
stress levels were observed in the cervical regions of the 
models that applied the apexification technique, and the 
highest stress intensity was noted after the application 
of the functional mastication force. This can be 
explained by the positioning of the materials used in the 
apical tooth and the fact that gutta-percha used in the 
cervical region has no structural properties that 
strengthen the teeth. 

In the REP models, two different root development 
stages were created to simulate (a) the discontinuation 
of root development as an unexpected condition in the 
post-treatment period, and (b) the continuance of root. 
The histological examination revealed new cement-like 
tissue that facilitates thickening of dentin walls and the 
closure of apical foramen in cases of continuation of root 
development after REP. Therefore, in our FEA study, the 
tissue formed was accepted as cement, and the elastic 
modulus and Poisson’s ratios that define the physical 
properties of the cement were used. 

Unexpected conditions following REP treatments 
have been defined in the literature. Although symptoms 
do not appear in teeth under these conditions, expected 
root development may not occur. These conditions are 
considered successful even though incomplete root 
development and intraoral function of the tooth can 
continue (34). In our study, lower stress values were 

observed in the models with incomplete root 
development after REP treatment compared with the 
apexification models. It was determined that REP 
generates lower stress than apexification treatment, 
although root development did not continue in the REP 
treatment. This condition can be attributed to the fact 
that tissue under the cervical barrier has a structure 
similar to that of healthy pulp tissue in REP treatment. 
Additionally, the apexification models exhibited 
maximum stress values in the apical, middle, and 
cervical regions of the tooth compared with all other 
treatments. Based on these results, it can be suggested 
that REP treatment is preferable since it generates lower 

stress values than apexification treatment, although root 
development does not continue. Given that no other 
study has compared a condition with discontinuous root 
development after REP with apexification, and it is 
considered that studies of this kind direct clinicians to 
treatments that stimulate root development, similar 
further studies on this subject are needed. Lower stress 
values were encountered in the models that applied REP 
treatment compared with apexification, even in cases 
with discontinuous root development as an unexpected 
condition. Therefore, it is notable that REP treatment, 
which can be performed as an alternative to 
apexification, increases fracture resistance compared 
with the apexification technique, although REP 
treatment offers no predictable results.  

The evaluation of the stresses generated in the 
simulated models showed that healthy tooth models with 
complete root development generated the lowest stress 
values. The partial pulpotomy technique providing 
apexogenesis exhibited the most approximate stress 
distribution to the healthy tooth. This condition can be 
explained by dentin appoposition by the impact of 
healthy pulp in the cervical region, which revealed the 
most intense stress accumulation. Additionally, it 
changed the crown–root ratio in favor of the root by the 
completion of apexogenesis, strengthening the tooth 
structure and thereby reducing fracture resistance. 
Similarly, with partial pulpotomy, it was ascertained that 
the stresses generated in the tooth had a balanced 
distribution after completion of root development with 
cement in the REP models, and the stress values were 
lower than in the models with incomplete root 
development. In contrast, the apexification models 
demonstrated the highest stress values in the apical, 
middle, and cervical regions of the root compared with 
the other models. This result can be explained by 
discontinuance of root development in apexification, 
positioning of the materials in the apical region of the 
tooth, and the fact that gutta-percha used in the cervical 
region of the tooth does not structurally support the 
tooth against stress. In the literature, there is no study 
that compares partial pulpotomy, apexification, REP 
applications, and the stresses generated by the materials 
used in these applications together.  

Comparison of the materials utilized in all simulated 
treatment techniques in our study revealed that models 
that applied MTA exhibited the lowest stress values, 
followed by BD, BA and CH, respectively. This suggests 

that MTA strengthens the tooth structure more 
effectively compared to other materials. It is essential 
for materials used in root canal treatments to have 
similar physical properties to dentin. Tricalcium silicate-
based materials, which have been shown to have similar 
physical properties to dentin, can enhance fracture 
resistance by distributing stress more evenly under 
functional loads in endodontically treated roots (35). 
Studies have evaluated BD and MTA in cases of root 
fracture, reporting similar results in terms of 
strengthening the tooth root against fracture (30, 36). 
Nagaset al. found that BD makes the tooth structure 
more resistant to fracture compared to MTA (37). 
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Meanwhile, numerous studies have shown that MTA 
enhances the resistance of the tooth root against 
fracture (16, 32, 38). This phenomenon has been 
attributed to the chemical bond formed by a 
hydroxyapatite-like layer between MTA and dentin.   

In the analysis of stress distribution patterns in 
dentin, the highest stress values were detected in the 
one-third portion of the cervical root in all models. This 
area is particularly susceptible to the development of 
fracture lines during loading, and this result is consistent 
with those reported in other FEA studies (16, 29, 32). This 
susceptibility may be caused by cervical narrowing and 
the fact that the cervical region functions as an 
abutment point in the application of mastication force, 
thereby intensifying stress. 

 
 

Conclusion 
 

1. Stress levels in healthy teeth with incomplete 
root development decreased by approximately 60% after 
the completion of root development, rendering the teeth 
more resistant to fracture. 

2. Comparing the final states of the treatment 
techniques, partial pulpotomy, which is a vital 
technique, exhibited the lowest stress values, followed 
by the REP models with complete root development using 
cement-like tissue. In the models with incomplete root 
development, the REP technique yielded lower stress 
values than the apexification technique. 

3. Evaluation of the stresses generated by the 
materials used in all the treatment techniques revealed 
the highest stress values in models applying CH. MTA 

materials provided better support to the tooth structure 
and generated lower stress values than other materials 
across all treatment techniques. Although MTA generated 
stress values comparable to BA and BD, the stress values, 
from lowest to highest, were MTA, BD and BA. 

4. The highest stress values under functional 
mastication forces were localized in the cervical region 
of the tooth in maxillary central teeth for all models. 

5. FEA studies have limitations because they are 
based on different assumptions. Thus, it is imperative to 
support FEA studies with long-term clinical studies. 
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