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Abstract

Objective: The aim of this study was to determine the average dentin wall thickness (DWT) of the
maxillary central incisor (MCI) required for performing finite element analysis (FEA) models of root
development. Material and methods: A total of 137 intraoral periapical radiographs of MCl in chil-
dren aged 7 to 11 years were examined and then classified into 5 groups according to root develop-
ment stages, which included 1/2 of root development (S1), 3/4 of root development (52), more than
3/4 of root development (S3), complete development with wide-open apex (S4) and complete devel-
opment with closed apex (S5). DWT was measured at three reference (horizontal) lines: at a distance
of 1 mm from the apex (M), 4 mm from the apex (L) and at the cervical line (K). The distal dentin wall
thickness (M1, L1, and K1), the pulp thickness (M2, L2, and K2), the mesial dentin wall thickness (M3,
L3, and K3), and the apex thickness (N) were measured using the diagnostic software Soredex Scano-
ra 5.1.2.4. Statistical analysis compared the values of the parameters K, L, and M between develop-
mental stages (multivariate ANOVA) and the linear correlations between the parameters (Pearson’s
correlation analysis). All analyses were performed at significance level a = 0.05. Results: There were
statistically significant differences between the developmental stages for parameters L and M, while
no significant differences were found for parameter K. Most of the correlations between the param-
eters were statistically significant, with the values of the Pearson correlation coefficient R > 0.6 con-
sidered practically significant. All parameters on the same reference line for distal and mesial den-
tin wall thickness and for pulp thickness correlated well with each other (R = 0.46 — 0.68), but there
was no statistically significant correlation with total root thickness on the same reference line (pa-
rameters K, L, or M), except for parameter K3 (R = 0.42). Conclusion: Despite the limitations of this
study, the mean values of the selected parameters for the 5 groups of developmental stages of the
maxillary central incisor could be used to model dentin wall thickness using finite element analysis.
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Introduction

The treatment of dental trauma is not a common situation
in everyday dental practice (1-4). Many clinical studies have
shown that over 50% of immature teeth treated endodonti-
cally are lost in the first ten years (5-7). For these reasons, the
analysis of masticatory function, especially the biomechanical
response after dental trauma, is of great importance for un-

Uvod

Lije¢enje dentalne traume nije cesto u svakodnevnom
stomatoloskom radu (1 - 4). U mnogim klinickim studijama
autori su istaknuli da je vise od 50 % nezrelih endodontski li-
je¢enih mladih trajnih zuba izgubljeno u prvih deset godina
(5 = 7). Zbog toga je analiza zva¢ne funkcije, posebice bio-
mehanickog odgovora poslije dentalne traume, veoma vazna
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derstanding the problem of treatment failure and for finding
more suitable reconstructive materials and methods (8).

The stress distribution within the tooth and the surround-
ing tissue is very complex due to the inhomogeneous impor-
tance of the structures that compose them, the irregularities
of the contours and their external shape, and the complex in-
ternal morphology (9). The finite element method (FEM) is
a new and important research tool for biomechanical analysis
(10). Using mathematical equations, computer analysis con-
verts a physical problem into a virtual model represented by
finite element software (11). The method represents the sim-
ulated mechanical behavior of teeth under occlusal loading
(12). The necessary step for implementation is the construc-
tion of a finite element model, followed by the specification
of appropriate material properties, loads, and boundary con-
ditions (8). Finite element analysis (FEA) effectively simu-
lates a real clinical scenario and solves complex problems by
predicting long-term failures (11). The results include infor-
mation about the stress distribution in each component as
opposed to single values obtained in 77 vitro research (12). In
addition, FEM reduces research time and allows ethical and
methodological constraints to be overcome, which is why it is
often used for complex studies in dentistry (10, 12).

Traumatic injuries to permanent teeth are very com-
mon in school-age children, especially between the ages of
eight and ten years (13), when root development is not yet
complete. The maxillary central incisor (MCI) is the tooth
most frequently affected by trauma, which usually results in a
crown fracture (14-16). A fracture may be uncomplicated or
complicated, i.e., with or without exposure of the pulp. The
primary goal of treatment is to preserve the pulp vitality and
restore aesthetics and function (17). Endodontic treatment is
required when all efforts to preserve vitality are unsuccessful
or when the patient has already presented with such a condi-
tion. Due to the immaturity of the teeth, it is considered one
of the most complex challenges for clinicians (15, 18).

Many studies have evaluated the stress distribution in
endodontically weakened root canals using FEM (19-21),
but there have not yet been any data in the literature on the
biomechanical response of MCI depending on the stage of
root development. The average length values in the general
population for intact MCI with completed root development
were taken from the literature (22), but there have been no
data on the average dentin thickness. The aim of this study
was to determine the average dentin wall thickness (DWT)
of MCI required for the construction of finite element analy-
sis models of root development.

Material and methods

This study is part of a dissertation study approved by the
Ethics Committee, School of Dentistry, University of Zagreb,
Croatia (Approval number: 05- PA -27-5/2018.). For the use
of radiographs, it was sufficient for the child’s parents or guard-
ians to sign an informed consent form before each treatment
at the Department of Pediatric and Preventive Dentistry, Uni-
versity Hospital Centre Zagreb, which also included consent
to use the radiographs for research purposes. A total of 137
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za razumijevanje problema povezanog s neuspjehom lijece-
nja i za pronalazenje prikladnijih rekonstrukcijskih materija-
la i metoda (8).

Raspodjela naprezanja unutar zuba i okolnoga tkiva vrlo
je slozena zbog nehomogene vaznosti struktura koje ih ¢ine,
nepravilnosti kontura i vanjskog oblika te slozene unutarnje
morfologije (9). Metoda kona¢nih elemenata (MKE) novi je
i vazan istrazivacki alat za biomehani¢ku analizu (10). Kori-
ste¢i se matematickim jednadZbama, racunalna analiza pre-
tvara fizicki problem u virtualni model zahvaljujuéi softveru
kona¢nih elemenata (11). Metoda zapravo pokazuje simulira-
no mehanicko ponasanje zuba pod okluzijskim optere¢enjem
(12). Nuzan korak za implementaciju jest izrada modela ko-
na¢nih elemenata, nakon dega slijedi specifikacija odgova-
raju¢ih svojstava materijala, optere¢enja i rubnih uvjeta (8).
Analiza kona¢nih elemenata ucinkovito simulira stvarni kli-
nicki scenarij i rjesava slozene probleme predvidanjem dugo-
ro¢nih neuspjeha (11). Rezultati ukljucuju podatke o raspo-
djeli stresa u svakoj komponenti, za razliku od pojedinaénih
vrijednosti dobivenih istrazivanjem 77 vitro (12). Uz to, MKE
skracuje vrijeme istrazivanja i omogucuje prevladavanje eti¢-
kih i metodoloskih ogranicenja zbog ¢ega se Cesto primjenju-
je za slozena istrazivanja u stomatologiji (10, 12).

Traumatske ozljede trajnih zuba vrlo su ¢este kod djece
skolske dobi, osobito izmedu osme i desete godine (13) kada
razvoj korijena jos nije zavrsen. Maksilarni sredisnji sjekuti¢
(MSS) zub je koji je najéesée zahvaéen traumom, a to obi¢no
rezultira prijelomom krune (14 — 16). Prijelom moze biti ne-
kompliciran ili kompliciran, tj. s izlozenom ili neizlozenom
pulpom. Primarna svrha lije¢enja je o¢uvati vitalitet pulpe te
vratiti estetiku i funkciju (17). Endodontsko lije¢enje potreb-
no je kada su svi napori da se o¢uva vitalitet neuspjesni ili pa-
cijent ve¢ ima takvo stanje. Zbog nezrelosti zuba smatra se
jednim od najsloZenijih izazova za klinicare (15, 18).

Autori mnogih studija procjenjivali su preraspodjelu stre-
sa u endodontski oslabljenim korijenskim kanalima s pomo-
¢u metode konaénih elemenata (19 — 21), ali u literaturi se
ne nalaze podatci o biomehanickom odgovoru MSS-a ovi-
sno o stupnju razvoja korijena. Vrijednosti prosje¢ne duzine
za intaktni MSS sa zavr$enim razvojem korijena u opéoj po-
pulaciji preuzete su iz literature (22), a vrijednosti o prosje¢-
noj debljini dentina nisu bile poznate. Cilj ovog istrazivanja
bio je odrediti prosje¢ne vrijednosti debljine dentinskoga zi-
da (DDZ) za MSS koje su potrebne za konstruiranje modela

razvoja korijena metodom kona¢nih elemenata.

Materijali i metode

Ovaj je rad dio disertacijske studije koju je odobrilo Etic-
ko povjerenstvo Stomatoloskog fakulteta Sveucilista u Zagre-
bu (broj odobrenja: 05-PA -27-5/2018.). Za koristenje rend-
genskih snimki bilo je dovoljno da roditelji ili skrbnici djeteta
potpisu uobicajeni informirani pristanak prije svakoga den-
talnog zahvata u Zavodu za dje¢ju i preventivnu stomatologi-
ju KBC-a Zagreb, u njegovu sklopu bio je i pristanak za ko-
ritenje rendgenskih snimaka u istrazivacke svrhe. Pregledano
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Figure 1

Slika 1.

Figure 2

Slika 2.

Figure 3

Slika 3.

Root development stages (S1) 1/2 of the root
development, (S2) 3/4 of the root development, (S3)
more than 3/4 of the root development, (54) complete
development with wide-open apex, (S5) and complete
development with closed apex.

Stadiji razvoja korijena (S1) 1/2 razvoja korijena, (52)
3/4 razvoja korijena, (S3) vise od 3/4 razvoja korijena,
(S4) potpuno razvijen korijen s otvorenim apeksom (S5) i
potpuno razvijeni korijen sa zatvorenim apeksom

The dentin wall thickness at three reference (horizontal)
lines: at a distance of 1mm from the apex (M), 4mm from
the apex (L), and at the cervical line (K). The distal dentin
wall thickness (M1, L1, and K1), the pulp thickness (M2,
L2, and K2), the mesial dentin wall thickness (M3, L3, and
K3), and the apex thickness (N).

Debljina dentinskoga zida na trima referentnim
(horizontalnim) linijama: na udaljenosti od 1 mm od
apeksa (M), 4 mm od apeksa (L) i na razini cervikalne
linije (K); debljina distalnoga zida dentina (M1, L1 i K1),
debljina pulpe (M2, L2 i K2), debljina mezijalnog zida
dentina (M3, L3 i K3) i debljina apikalnog otvora (N)

The distribution of root dimensions divided into 5 stages
of root development. The boxplots show medians (bold
black lines) and the boxes represent the 25% and 75%
quartiles. The 1.5 x interquartile range is represented by
whiskers. Outliers are presented by circles.

Distribucija dimenzija korijena podijeljena u 5 stadija
razvoja korijena; okvirni dijagrami prikazuju medijane
(podebljane crne linije), a okviri predstavljaju kvartile od
25 % i 75 %; 1,5 % interkvartilni raspon oznacen je donjim
i gornjim horizontalnim linijama; outlieri su oznaceni
kruzi¢ima
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intraoral periapical radiographs of MCI in children aged 7 to
11 years indicated for diagnostic purposes were examined and
then classified into 5 groups according to the stages of root de-
velopment, which included 1/2 of root development (S1), 3/4
of root development (52), more than 3/4 of root development
(83), complete development with wide open apex (S4), and
complete development with closed apex (S5) (Figure 1). The
dentin wall thickness was measured at three reference (hori-
zontal) lines: at a distance of 1 mm from the apex (M), 4 mm
from the apex (L) and at the cervical line (K). The distal den-
tin wall thickness (M1, L1 and K1), the pulp thickness (M2,
L2 and K2), the mesial dentin wall thickness (M3, L3 and
K3) and the apex thickness (N) were measured using the diag-
nostic software Soredex Scanora 5.1.2.4 (Figure 2). All mea-
surements were performed by a single person.

The average length values in the general population for
intact MCI with completed root development were taken
from the literature: 23.5 mm for tooth length, 10.5 mm for
crown length and 13.0 mm for root length (18). The mean
root lengths for the other stages calculated from the mean
lengths for MCI with complete root development were as fol-
lows: 6.5 mm for S1, 9.7 mm for S2, between 9.7 mm and
13.00 mm for S3, and 13.0 mm for S4 and S5. All stages
except S3 were classified according to the proposed root-to-
crown length ratio (Table 1), whereas for stage S3, the range
between stages S2 and S4 was considered, i.e., root lengths
from 10.0 mm to 12.5 mm and their root-to-crown length
ratio to avoid errors in the final range values, which were then
closer to stage 2 or 4. Stages S4 and S5 were differentiated ac-
cording to apical closure status, with N above 0.45 mm con-
sidered S4 unless when the expected age of the child was a
more decisive factor (> 10 years). All measurements were per-
formed by a single person.

The normality of data distribution was evaluated using
the Kolmogorov-Smirnov test and normal Q-Q diagrams.
Statistical analysis compared the values of parameters K, L,
and M between developmental stages (multivariate ANOVA)
and linear correlations between parameters (Pearson’s corre-
lation analysis). All analyses were performed at a significance
level of a = 0.05.

Results

The values of the individual numerical parameters, divid-
ed into 5 groups (stages of development), generally did not
deviate significantly from the normal distribution (Figure 3).
For parameters L and M, there were statistically significant

Table 1

Debljina stijenke dentina u odnosu prema stupanju razvoja korijena

je ukupno 137 intraoralnih periapikalnih rendgenskih slika
MSS-a djece u dobi od 7 do 11 godina indiciranih u dijagno-
sticke svrhe koje su zatim bile podijeljene u 5 skupina prema
stadijima razvoja korijena, a ukljucivale su stadije u kojima je
razvijena jedna polovina korijena zuba (S1), tri ¢etvrtine ko-
rijena zuba (S2), viSe od tri ¢etvrtine korijena zuba (S3), pot-
puno razvijeni korijen s otvorenim apeksom (S4) te potpuno
razvijeni korijen sa zatvorenim apeksom (§5) (slika 1.). DDZ
je mjeren na trima referentnim (horizontalnim) linijama na
1 mm od apeksa (M), 4 mm od apeksa (L) te na razini cervi-
kalne linije (K). Izmjerena je debljina distalnoga zida dentina
(M1, L1 i K1), debljina pulpe (M2, L2 i K2), debljina mezi-
jalnog zida dentina (M3, L3 i K3) i debljina apikalnog otvora
(N) u dijagnosti¢kom softveru Soredex Scanora 5.1.2.4 (slika
2.). Sva mjerenja obavila je jedna osoba.

Prosje¢ne vrijednosti duzine za intaktni MSS sa zavrse-
nim razvojem korijena u opéoj populaciji preuzete su iz lite-
rature (22): 23,5 mm za duzinu cijelog zuba, 10,5 mm za du-
zinu krune zuba i 13,0 mm za duZinu korijena. Prema tome
srednje vrijednosti duzine korijena za ostale stadije, izracu-
nate prema srednjim vrijednostima duzine za intaktni MSS,
iznosile su 6,5 mm za S1, 9,7 mmza S2, 9,7 mm — 13,0 mm
za 83 te 13,0 mm za §4 i S5. Svi stadiji, osim S3, klasificirani
su prema predlozenom omjeru duzine korijena i krune (tabli-
ca 1.), a za stadij S3 razmatran je raspon izmedu stadija S2 i
§4, odnosno duzine korijena od 10,0 mm do 12,5 mm i od-
govarajuci omjeri duzine korijena i krune kako bi se izbjegle
pogreske u grani¢nim vrijednostima raspona koje su tada bi-
le blize stadiju 2 ili 4. Stadiji $4 i S5 diferencirani su prema
statusu apikalnog otvora, pri ¢emu se N > 0,45 mm smatrao
§4, osim ako je o¢ekivana dob djeteta bila odlu¢ujuéi ¢imbe-
nik (> 10 godina).

Normalnost distribucije podataka procijenjena je Kolmo-
gorov-Smirnovljevim testom i normalnim Q-Q dijagramima.
U statistickoj analizi usporedene su vrijednosti parametara
K, L i M izmedu pojedinih razvojnih stadija (multivarijatna
ANOVA) te linearne korelacije izmedu parametara (Pearso-
nova korelacijska analiza). Sve analize provedene su na razini
znacajnosti o = 0,05.

Rezultati

Vrijednosti pojedinih numerickih parametara, podijelje-
nih u 5 skupina (stadija razvoja), uglavnom nisu znatno od-
stupale od normalne distribucije (slika 3.). Parametri L i M
statisticki su se znacajno razlikovali izmedu razvojnih stadija,

The root-to-crown length ratio of mean values for MCl (18) depending on the root development stage.

Tablica 1. Omjer duzine korijena i krune prema srednjim vrijednostima duzine za MSS (18) u ovisnosti o stadiju razvoja korijena

Mean crown length ¢

Mean root length ¢ .
gth Root-to-crown ratio ®

Stage © Stadij Srednja vrijednost duzine krune  Srednja vrijednost duZine korijena il il s
(mm) (mm)
S1 6.5 1:1.62
S2 9.7 1:1.08
S3 10.5 10.0 - 12.5 1:1.05 - 1:0.84
S4 13.0 1:0.81
S5 13.0 1:0.81
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Table2  Results of multivariate ANOVA for comparisons of root dimensions among developmental stages.
Tablica 2. Rezultati multivarijatne ANOVA-e kod usporedbe dimenzija korijena izmedu razvojnih faza
Dentinal wall thickness
(DTW) © Type III Sum of Squares * dfe Mean Square * F Sig. ¢
Debljina dentinskoga zida Zbroj kvadrata tipa III Stupnjevi slobode  Srednji kvadrat p-vrijednost
(DDZ)
K1 1.031° 4 258 10.464 .000
K2 5.369° 4 1.342 18.886 .000
K3 .654¢ 4 .163 7.877 .000
3454 4 .086 .680 .608
L1 2.135¢ 4 .534 25.086 .000
L2 71.685 4 17.921 201.326 .000
L3 1.787¢ 4 447 16.625 .000
L 36.305" 4 9.076 79.893 .000
M1 .865' 4 216 8.848 .000
M2 122.365 4 30.591 317.497 .000
M3 855" 4 214 10.910 .000
M 93.510! 4 23.378 299.004 .000
N 140.106™ 4 35.027 327.628 .000
Table 3  The mean values of dentin wall thickness for the 5 groups of developmental stages of the maxillary central incisor.

Tablica 3. Srednje vrijednosti debljine stijenke dentina za 5 skupina razvojnih stadija kod gornjega sredisnjeg sjekutica

K1 K2 K3 K L1 L2 L3 L M1 M2 M3 M N
s1 1.840+ | 3.080+ | 1.820+ | 6.740+ | 1.000+ | 3.660+ | 0.950+ | 5.610+ | 0.420+ | 4.070+ | 0.340+ | 4.820+ | 4.240+
0.069 0.100 0.066 0.102 0.048 0.169 0.091 0.160 0.056 0.191 0.069 0.125 0.211
$2 2.033+ | 2.683+ | 1.942+ | 6.658+ | 1.075+ | 2.650+ | 1.008+ | 4.733+ | 0.583+ | 2.675+ | 0.508+ | 3.767+ | 2.817+
0.049 0.191 0.064 0.192 0.072 0.134 0.091 0.109 0.059 0.182 0.057 0.175 0.236
s3 2.148+ | 2471+ | 2.019+ | 6.638+ | 1.210+ | 1.876+ | 1.048+ | 4.133+ | 0.581+ | 1.586+ | 0.481+ | 2.648+ | 1.490+
0.072 0.118 0.057 0.162 0.061 0.187 0.094 0.144 0.084 0.242 0.084 0.175 0.244
S4 2.086+ | 2.452+ | 2.081% | 6.619+ | 1.267+ | 1271+ | 1.138+ | 3.676+ | 0.543+ | 0.767+ | 0.500+ | 1.810+ | 0.683z
0.088 0.115 0.084 0.206 0.086 0.152 0.067 0.210 0.071 0.086 0.056 0.111 0.078
S5 2200+ | 2252+ | 2.084+ | 6.536+ | 1.460+ | 0.848+ | 1.344+ | 3.652+ | 0.736+ | 0.436+ | 0.660+ | 1.832+ | 0.400+
0.069 0.124 0.064 0.141 0.062 0.078 0.065 0.133 0.072 0.039 0.063 0.098 0.047

differences between the developmental stages, while no sig-
nificant differences were found for parameter K (Table 2).
Most of the correlations between the parameters were statis-
tically significant, with values of the Pearson correlation coef-
ficient R > 0.6 considered practically significant. All param-
eters for pulp thickness correlated well with each other (R =
0.61 — 0.99) and with root thickness at a distance of 4 mm
and 1 mm from the apex (R = 0.60 - 0.95), but did not cor-
relate with root thickness at the cervical line, except for pa-
rameter K2 (R = 0.64). All parameters on the same reference
line for distal and mesial dentin wall thickness and for pulp
thickness correlated well with each other (R = 0.46 — 0.68),
but there was no statistically significant correlation with total
root thickness on the same reference line (parameters K, L,
or M), except for parameter K3 (R = 0.42). Root thickness at
a distance of 4 mm from the apex correlated well with pulp
thickness (R = 0.90), but there was no statistically significant
correlation with distal and mesial dentin wall thickness. The
parameters K and K1 showed significantly lower correlations
than all other parameters, while the parameter K2 correlated
with all measured parameters (R = (-0.26) - 0.70).

The mean values of dentin wall thickness for the 5 groups
of developmental stages of the maxillary central incisor are

shown in Table 3.

a za parametar K nisu opazene znacajne razlike (tablica 2.).
Vedina korelacija izmedu parametara bila je statisticki znacaj-
na, a vrijednosti Pearsonova koeficijenta korelacije R > 0,6
smatrane su prakticki zna¢ajnima. Svi parametri za debljinu
pulpe uzajamno su dobro korelirali (R = 0,61 —0,99) kao i s
debljinom korijena na udaljenosti 4 mm i 1 mm od apeksa
(R =0,60 - 0,95), ali nisu korelirali s debljinom korijena na
cervikalnoj liniji, osim parametra K2 (R = 0,64). Svi parame-
tri za debljinu dentinske stijenke prema distalno i mezijalno
te za debljinu kanala uzajamno su dobro korelirali na svojoj
referentnoj liniji (R = 0,46 — 0,68), a nisu statisticki znacaj-
no korelirali s ukupnom debljinom na svojoj referentnoj li-
niji (parametri K, L ili M), osim parametra K3 (R = 0,42).
Debljina korijena 4 mm od apeksa dobro je korelirala s de-
bljinom pulpe (R = 0,90), ali nije bilo statisticki znacajne ko-
relacije s debljinom distalnoga i mezijalnoga dentinskoga zi-
da. Parametri K i K1 pokazali su znacajno manje korelacije
od svih ostalih parametara, a parametar K2 korelirao je sa
svim mjerenim parametrima (R = (-0,26) - 0,70).

Srednje vrijednosti debljine dentinskoga zida za 5 skupi-
na rasta i razvoja korijena za maksilarni sredi$nji sjekuti¢ pri-
kazane su u tablici 3.



. Bucevic Sojcic i sur.

Discussion

Numerous studies have evaluated stress distribution in
endodontically treated (“endodontically weakened”) max-
illary incisors, usually after postendodontic restoration us-
ing FEM, but only a few of them evaluated immature inci-
sors (23-28). In these studies, different methods were used
to model an immature incisor for FEA, defining immaturity
in general or a specific stage, but there was no protocol for
creating FEA models for all stages of root development. The
main reason for this is that there are no data in the literature
on average dentin thickness depending on the root develop-
ment stage.

CBCT is commonly used for dental measurements be-
cause it provides high accuracy and detection of surround-
ing tissue (29, 30). Although the absorbed dose of X-rays has
been greatly reduced compared to CT, the dose is still high-
er than panoramic radiography (PAN) (29, 31). There is no
justification for its use unless it is not primarily indicated for
other diagnostic or therapeutic reasons, especially in children
(32-34). Mazzotta et al. (2013) reported that it is possible to
create a 3D parametric model with a clinically valid degree of
accuracy starting from 2D information (35). They measured
tooth height, crown and root height, CE]J width, width of the
widest and highest part of the crown, and width of the root at
half root length for monoradicular teeth. In our study, similar
measurements were made for the root, and additional mea-
surements were made 4 mm and 1 mm from the apex. Ac-
cordingly, data from 2D images were sufficiently accurate to
obtain mesial/distal measurements, but the disadvantage was
that it was impossible to obtain buccal/lingual measurements
from a panoramic radiograph. Nevertheless, after reviewing
the literature, we decided to use the CBCT of the maxillary
central incisor with completed root development for a per-
sonalized base model so that the initial buccal-oral dimension
would be considered for modelling the other models of root
development. Also, the pulp canal of the central incisor is al-
most equidistant to all edges of the root (36), the mesio-distal
and buccal-oral dimensions are almost the same.

Back in 2007, Talati et al (23) designed two models of
MCI, a mature and an open-apex model. The geometry of
the mature tooth was taken from the literature (37), with
simulation of endodontic canal instrumentation in taper
form (master apical file #40, coronal opening diameter 1.60
mm) and gutta-percha filling. Buccolingual and mesiodistal
measurements for an immature tooth were taken on an ex-
tracted incisor with an open apex, additionally simulating
an MTA plug and endodontic filling with gutta-percha. Al-
though the dimensions of the mature incisor for the basic
FEA model are now much more accurate, mainly due to the
method of tooth isolation from the CBCT, the study still
confirmed that the pattern of stress distribution is different
in mature and immature teeth, paving the way for further re-
search in this area. Since then, there have been several studies
using different methods to model a weakened or immature
incisor for FEA. Usually, a basic 3D geometric model was re-
constructed from the CBCT of an intact or extracted incisor,
and then additional models were created in the programme

Debljina stijenke dentina u odnosu prema stupanju razvoja korijena

Rasprava

Autori mnogih studija procjenjivali su preraspodjelu
stresa u endodontski lije¢enim (,endodontski oslabljenim”)
maksilarnim sjekuti¢ima, obi¢no poslije postendodontske re-
stauracije koristenjem MKE-a, ali samo je nekoliko njih pro-
cjenjivalo mlade trajne sjekuti¢e (23 — 28). U tim istraziva-
njima koristene su razlicite metode za konstruiranje nezrelog
sjekuti¢a definirajuci opéenito nezrelost korijena ili pojedini
stadij, ali nisu sadrzavale protokol za izradu modela za sve sta-
dije razvoja korijena. Glavni razlog jest to $to u literaturi ne-
ma podataka o prosjecnoj debljini dentina u odnosu prema
stadiju razvoja korijena.

Za dentalna mjerenja obi¢no se upotrebljava CBCT jer
omogucuje visoku to¢nost i detekciju okolnoga tkiva (29,
30). lako je apsorbirana doza rendgenskih zraka znatno sma-
njena u usporedbi s CT-om, jo$ je uvijek visa nego pri snima-
nju panoramske snimke (PAN) (29, 31). Ako CBCT nije pri-
marno indiciran iz dijagnostickih ili terapijskih razloga, nema
opravdanja za njegovu primjenu osobito kad je rije¢ o dje-
ci (32 — 34). Mazzotta i suradnici (2013.) izvijestili su da se,
pocevsi od 2D informacije, moze izraditi 3D parametrijski
model s klinicki valjanim stupnjem to¢nosti (35). U svojoj
studiji mjerili su visinu zuba, visinu krune i korijena, $irinu
caklinsko-cementnoga spojista (CCS), $irinu najsirega i naj-
viSega dijela krune zuba te Sirinu korijena na polovini duzi-
ne za monoradikularne zube. U nasem istrazivanju obavljena
su sli¢na mjerenja za $irinu korijena uz dodatna dva na uda-
ljenosti od 4 mm i 1 mm od apeksa. U skladu s tim podatci
s dvodimenzionalne slike bili su dovoljno to¢ni za dobivanje
informacije o mezijalnoj i distalnoj debljini korijena, a podat-
ci o bukalnoj i oralnoj debljini nedostajali su kod panoram-
ske radiografije. Nakon pregleda literature odluceno je da se
u nastavku istrazivanja upotrijebi jedan CBCT maksilarno-
ga sredi$njeg sjekutica sa zavr$enim razvojem korijena za izo-
laciju personaliziranog osnovnog modela kako bi se pocetna
bukalno-oralna dimenzija ipak uzela u obzir pri oblikovanju
ostalih modela razvoja korijena. Iako je pulpni kanal MSS-a
jednako udaljen od svih rubova korijena (36), mezio-distalna
i bukalno-oralna dimenzija gotovo su jednake.

Jos su 2007. godine Talati i suradnici (23) dizajnirali dva
modela MSS-a — zreli sjekuti¢ i sjekuti¢ s otvorenim apek-
som. Geometrija zrelog sjekuti¢a preuzeta je iz literature (37)
sa simulacijom instrumentacije endodontskog kanala u ko-
nicnom obliku (MAF #40, promjer apikalnog otvora 1,60
mm) i gutaperkinim punjenjem. Bukolingvalna i mezio-
distalna mjerenja za nezreli sjekuti¢ obavljena su na izvade-
nom sjekuti¢u s otvorenim apeksom, dodatno simulirajuci
mineraltrioksid (MTA) apikalni stop i endodontsko punje-
nje kanala gutaperkom. lako su dimenzije zrelog sjekuti¢a za
osnovni MKE model danas mnogo to¢nije uglavnom zahva-
ljuju¢i metodi izolacije zuba s CBCT-a, studija je ipak potvr-
dila da je model raspodjele stresa razlicit kod zrelih i nezre-
lih zuba, pripremajudi sadrzaj za daljnja istrazivanja u ovom
podrucju. Od tada su se u nekoliko studija primjenjivale ra-
zlicite metode za modeliranje oslabljenog ili nezrelog sjekuti-
¢a za analizu kona¢nih elemenata. Osnovni 3D geometrijski
model obi¢no se rekonstruirao s CBCT-a intaktnoga ili izva-
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or directly on the extracted incisor according to the required
tooth properties.

Khadar et al (24) used prepared extracted MCI to simu-
late immature incisors with thin dentin walls and open apex.
After root instrumentation (master apical file set at # 80),
the apex was enlarged to 1 mm with Peeso drills to define
immaturity in general. Eram et al. (25) also prepared an ex-
tracted MCI before subjecting it to a CBCT examination to
simulate an immature incisor according to Cvek’s third stage
(7). The root was shortened apically by 4 mm (tooth length
was 21 mm and root length was 9 mm). After root instru-
mentation (master apical file # 80), the open apex was ex-
tended 1 mm beyond the apex to 1.7 mm with Peeso drills.
The root-canal ratio was approximately 1:1 in the mesiodis-
tal dimension at CEJ. These dimensions were higher to our
third stage of root development: apex width 1.490+0.244
mm and root-canal ratio at the CE]J 1:1.19, except for the av-
erage root width (11.0 mm). In the study by Anthrayose et
al (22) CBCT scans of permanent maxillary central incisors
and available literature data were used to simulate an imma-
ture MCI model at Cvek stage 3 in the programme, with an
apical opening of 1.67 mm and a root length approximately 3
mm less than that of the mature tooth, i.e. 10.5 mm, which is
more in agreement with our measurements. This study had a
similar protocol to ours, but described only one stage of root
development and the proposed root dimensions. The study
by Dezzen-Gomide et al. (27) presented three different stag-
es of MCI root development: complete rhizogenesis, incom-
plete rhizogenesis in the apical third of the root, and incom-
plete rhizogenesis in the middle third of the root. The model
of complete rhizogenesis was based on a CBCT of an ex-
tracted incisor. The two models of incomplete rhizogenesis
were modified based on anatomical references from 6 CBCT
studies of immature MCI (patients aged 7 to 12 years) at
different stages of rhizogenesis, but without describing the
values obtained. Dezzen-Gomide et al. also pointed out that
evaluating dental trauma outcomes in an iz vivo model has
significant methodological and ethical implications. This is
particularly true for the evaluation of the very sensitive ther-
apeutic treatment of revascularization on an immature MCI
studied by Bucchi et al (28). The root dentin was divided in-
to two parts to simulate the immature state after the thera-
peutic procedure of revascularization: a part with thin walls
and missing root apex at Cvek stage 4 and a part with newly
formed intracanal tissue (mechanical parameters of dentin or
cementum), with the root apex classified as 20% of the root
length. Accordingly, dental immaturity was presented at stage
4 of the Cvek classification (7): a widely opened apical fora-
men and almost complete root length. Unfortunately, as in
previous studies, values for dentin wall thickness were not re-
ported for all stages of root development.

After reviewing the literature, we decided to use a CBCT
of an intact young MCI to reconstruct a basic 3D model
since it provided the most accurate data but still required
measurements of the dentin wall thickness of the MCI to
reconstruct models of different stages of root development
in the programme. For this reason, we measured DWT on
intraoral periapical radiographs of maxillary incisors of chil-
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denoga sjekutica, a zatim bi se dodatni modeli konstruirali u
programu ili izravno na izvadenom sjekuti¢u prema trazenim
svojstvima zuba.

Khadar i suradnici (24) upotrijebili su ekstrahirane MSS-
¢ koje su dodatno instrumentirali za simulaciju nezrelih sje-
kuti¢a s tankim stijenkama dentina i otvorenim apeksom.
Nakon instrumentacije korijena (MAF # 80) apikalni otvor
dodatno je povean na 1 mm Peesovim svrdlima kako bi se
definirala opéenito nezrelost zuba. Eram i suradnici (25) ta-
koder su pripremili ekstrahirani MCI prije nego $to su ga
podvrgnuli CBCT pregledu za simulaciju nezrelog sjekuti-
¢a prema Cvekovu tre¢em stadiju (7). Korijen je apikalno
skra¢en za 4 mm (duzina zuba 21 mm, a duzina korijena 9
mm). Nakon instrumentacije korijena (MAF # 80), otvore-
ni apeks prosiren je Peesovim svrdlima za 1 mm preko apek-
sa na 1,7 mm. Omjer korijenskog kanala bio je priblizno 1 :
1 u meziodistalnoj dimenziji na CCS-u. Te dimenzije bile su
vece od nasih u treéem stadiju razvoja korijena: Sirina apek-
sa 1,490 + 0,244 mm i omjer korijena i kanala na CCS-u 1 :
1,19, osim prosje¢ne duzine korijena koja je u nasem istrazi-
vanju iznosila 11,0 mm. U istraZivanju koje su proveli Ant-
hrayose i suradnici (26) CBCT snimke trajnih maksilarnih
sredisnjih sjekuti¢a i podatci iz dostupne literature koristeni
su za simulaciju nezrelog MSS modela u Cvekovu tre¢em sta-
diju u programu, s apikalnim otvorom od 1,67 mm i duzi-
nom korijena priblizno 3 mm manjom nego kod zreloga zu-
ba, tj. 10,5 mm, $to je viSe odgovaralo nasim mjerenjima. To
je istrazivanje takoder imalo protokol slican nasemu, ali je
opisan samo jedan stadij razvoja korijena te njegove dimenzi-
je. Uistrazivanju A. C. Dezzen-Gomide i suradnika (27) opi-
sana su tri razlicita stadija razvoja korijena za MSS: potpuna
rizogeneza, nepotpuna rizogeneza u apikalnoj trecini korije-
na i nepotpuna rizogeneza u srednjoj tre¢ini korijena. Model
potpune rizogeneze temelji se na CBCT-u izvadenog sjekuti-
¢a. Dva modela nepotpune rizogeneze modificirana su na te-
melju anatomskih referencija sa $est CBCT snimki nezrelih
MSS-a (pacijenti u dobi od 7 do 12 godina) u razlicitim faza-
ma rizogeneze, ali bez opisa dobivenih vrijednosti. A. C. De-
zzen-Gomide i suradnici takoder su istaknuli kako procjena
ishoda dentalne traume u modelu 77 vivo ima znacajne meto-
doloske i eticke implikacije. To se osobito odnosi na procjenu
vtlo osjetljivoga terapijskog postupka revaskularizacije na ne-
zrelomu MSS-u $to su proucavali Bucchi i suradnici (28). U
njihovu istrazivanju korijenski dentin bio je podijeljen na dva
dijela kako bi se simuliralo nezrelo stanje poslije terapijskog
postupka revaskularizacije: dio s tankim stijenkama i nedo-
statnim apeksom u Cvekovu ¢etvrtom stadiju i dio s novofor-
miranim intrakanalnim tkivom (mehanicki parametri den-
tina ili cementa) s apeksom klasificiranim kao 20 % duzine
korijena. U skladu s tim dentalna nezrelost bila je prikazana
u Cetvrtom stupnju Cvekove klasifikacije (7): Siroko otvoren
apikalni foramen i gotovo potpuna duZina korijena. Naza-
lost, kao i prethodna istraZivanja, vrijednosti za debljinu sti-
jenke dentina nisu prikazane za sve stadije razvoja korijena.

Nakon pregleda literature odlu¢ili smo upotrijebiti jedan
CBCT intaktnoga mladog MSS-a za rekonstrukeiju osnov-
nog 3D modela kako bismo dobili najpreciznije podatke, ali
je za rekonstrukciju ostalih modela faza razvoja korijena u
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dren aged 7 to 11 years to obtain data for all stages. DWT
was measured at three reference lines: at a distance of 1 mm
from the apex, 4 mm from the apex, and at the cervical line,
as these areas are considered predictors of stress (34, 38).
The reference line at 4 mm was of particular interest as fur-
ther studies will examine the influence of therapeutic treat-
ment, i.e. different post and core systems placing 4 mm gut-
ta-percha apically. Our main objective was to determine if
we could use the mean values of the selected parameters for
the 5 groups of MCI developmental stages for FEA model-
ling. No significant deviation from a normal distribution was
found. There were statistically significant differences between
the developmental stages for parameters L and M, while no
significant differences were found for parameter K, as the nu-
merical value of the total root width at the cervical line is al-
ways constant in all developmental stages and only the val-
ues of dentin thickness and pulp width are the one variable.
Most correlations between parameters were statistically sig-
nificant and consistent with root development anatomy. It
is also expected that the differences between the correlations
will be reflected in the load distribution of the FEA model.
Further investigation of different therapeutic treatments fol-
lowing dental trauma in MCI in relation to the root develop-
ment stage will contribute to a better understanding of treat-
ment failure. Any information or guidance that can help keep
MCI in the oral cavity longer is extremely valuable for both
clinicians and patients.

The present study has some limitations. Since there are
very few studies on this subject, the average values for the
length of maxillary incisors with complete root development
were based on the general population. In this macroscop-
ic approach of the finite element method, all measurements
were performed by a single person to minimize errors. Con-
sidering the 137 radiographs of different patients and their
individual anatomy, it was not easy to identify the same angle
of the radiograph. Also, the recognition of reference points
was difficult. However, according to Plascencia et al (39), the
intra- and interobserver agreement provided reliable results
in the radiographic assessment of different stages of root de-
velopment using the Cvek classification. As previously men-
tioned, the two-dimensional dentin wall thickness data from
the intraoral radiographs could be used for 3D modelling of
MCI. However, better properties would be obtained by using
137 CBCT images, which is ethically questionable in chil-
dren. Finally, there were no data in the literature to which we
could refer and compare our results.

Conclusion

Despite the limitations of this study, the mean values of
the selected parameters for the 5 groups of developmental
stages of the maxillary central incisor could be used to mod-
el dentin wall thickness using finite element analysis (FEA).
However, further research is needed.

Debljina stijenke dentina u odnosu prema stupanju razvoja korijena

programu ipak bilo potrebno mjerenje debljine stijenke den-
tina s obzirom na razlicit stadij razvoja korijena. DDZ je mje-
ren na oralnim periapikalnim rendgenskim slikama maksilar-
nih sjekuti¢a djece u dobi od 7 do 11 godina kako bi se dobili
podatci za sve stadije. DDZ je mjeren na trima referentnim
(horizontalnim) linijjama: 1 mm od apeksa (M), 4 mm od
apeksa (L) te na razini cervikalne linije (K) jer se ta podru¢-
ja smatraju prediktorima stresa (34, 38). Referentna linija 4
mm od apeksa bila je posebno vazna zato $to ¢e se u budu-
¢im istrazivanjima ispitivati utjecaj terapijskih postupaka, tj.
razli¢itih sustava kol¢iéa i jezgre kod kojih se apikalno ostav-
lja 4 mm gutaperke. Glavni cilj ove pilot-studije bio je usta-
noviti mozemo li se koristiti srednjim vrijednostima odabra-
nih parametara za 5 skupina razvojnih stadija MSS-a za MKE
modeliranje. Vrijednosti uglavnom nisu znacajno odstupale
od normalne distribucije. Za parametre L i M postoje stati-
sticki znacajne razlike izmedu razvojnih faza, a za parametar
K nema znacajnih razlika jer je numericka vrijednost uku-
pne $irine korijena na cervikalnoj liniji uvijek konstantna u
svim razvojnim fazama, a samo su vrijednosti debljine den-
tina i pulpe varijabilne. Ve¢ina korelacija izmedu parameta-
ra bila je statisticki znacajna i u skladu s anatomijom razvoja
korijena. Takoder se o¢ekuje da e se razlike izmedu korela-
cija odraziti na raspodjelu optereéenja unutar MKE mode-
la. Daljnje istrazivanje razli¢itih terapijskih postupaka poslije
dentalne traume kod MSS-a u odnosu prema stadiju razvoja
korijena pridonijet ¢e boljem razumijevanju neuspjeha u lije-
¢enju. Svaka informacija ili smjernica koja moze pomodi da
se MSS dulje zadrzi u usnoj $upljini iznimno je vrijedna i za
klinicare i za pacijente.

Ova studija ima neka ograni¢enja. Budu¢i da postoji vi-
lo malo istrazivanja o toj temi, prosjecne vrijednosti za du-
zinu maksilarnih sjekuti¢a s potpuno razvijenim korijenom
temeljene su na opéoj populaciji. U ovom makroskopskom
pristupu metode konac¢nih elemenata sva mjerenja obavila je
jedna osoba kako bi se pogreske svele na minimum. Uzima-
judi u obzir 137 radiografija razli¢itih pacijenata i njihovu in-
dividualnu anatomiju, nije bilo lako identificirati isti kut na
snimkama i prepoznavanje referentnih to¢aka, ali prema Plas-
cenciji i suradnicima (39) podudarnost unutar promatraca i
izmedu njih dala je pouzdane rezultate u radiografskoj pro-
cjeni razlicitih faza razvoja korijena s pomo¢u Cvekove klasi-
fikacije. Kao $to je ranije spomenuto, dvodimenzionalni po-
datci o debljini stijenke dentina iz intraoralnih radiografija
mogu se koristiti za 3D modeliranje MSS-a, no bolja obi-
liezja postigla bi se pregledom 137 CBCT-a, $to je kod dje-
ce eticki vrlo upitno. Kona¢no, u literaturi nije bilo podataka
na koje bi se mogli odnositi i s kojima bi se mogli usporedi-
ti nasi rezultati.

Zakljuc¢ak

Unato¢ ogranicenjima ove studije, srednje vrijednosti
odabranih parametara debljine zubnog korijena za 5 skupina
razvojnih stadija gornjega sredisnjeg sjekuti¢a mogu se kori-
stiti za modeliranje debljine dentinskoga zida s pomo¢u ana-
lize kona¢nih elemenata, no potrebna su daljnja istrazivanja.
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Sazetak

Cilj: Zeljela se odrediti prosje¢na debljina dentinskoga zida (DDZ) maksilarnog sredisnjeg sjekutica
(MSS) potrebna za izradu modela razvoja korijena metodom konacnih elemenata (MKE). Materijal i
metode: Pregledano je ukupno 137 intraoralnih periapikalnih rendgenskih slika MSS-a djece u dobi
od 7 do 11 godina koje su zatim bile podijeljene u 5 skupina prema stadijima razvoja korijena, a uklju-
¢ivale su stadije u kojima je razvijena jedna polovina korijena zuba (S1), tri etvrtine korijena zuba
(S2), vise od tri cetvrtine korijena zuba (S3), potpuno razvijeni korijen s otvorenim apeksom (S4) te
potpuno razvijeni korijen sa zatvorenim apeksom (S5). DDZ je mjeren na trima referentnim (horizon-
talnim) linijama — 1 mm od apeksa (M), 4 mm od apeksa (L) te na razini cervikalne linije (K). Izmjere-
na je debljina distalnoga zida dentina (M1, L1 i K1), debljina pulpe (M2, L2 i K2), debljina mezijalnog
zida dentina (M3, L3 i K3) i debljina apikalnog otvora (N) u dijagnostickom softveru Soredex Scano-
ra 5.1.2.4. U statistickoj analizi usporedene su vrijednosti parametara K, L i M izmedu pojedinih ra-
zvojnih stadija (multivarijatna ANOVA) te linearne korelacije izmedu parametara (Pearsonova kore-
lacijska analiza). Sve analize provedene su na razini znacajnosti a = 0,05. Rezultati: Parametri L i M
statisticki su se znacajno razlikovali izmedu razvojnih stadija, a za parametar K nisu opazene znacaj-
ne razlike. Vecina korelacija izmedu parametara bila je statisticki znacajna, a vrijednosti Pearsonova
koeficijenta korelacije R > 0,6 smatrane su prakticki znac¢ajnima. Svi parametri za debljinu dentinske
stijenke prema distalno i mezijalno te za debljinu kanala uzajamno su dobro korelirali na svojoj refe-
rentnoj liniji (R = 0,46 —0,68), a nisu statisticki znacajno korelirali s ukupnom debljinom na svojoj re-
ferentnoj liniji (parametri K, L ili M), osim parametra K3 (R = 0,42). Zaklju¢ak: Unato¢ ogranicenjima
ove studije, srednje vrijednosti odabranih parametara debljine zubnog korijena za 5 skupina razvoj-
nih stadija gornjega sredisnjeg sjekutica mogu se koristiti za modeliranje debljine dentinskoga zida.
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