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Abstract

AIM. Evaluation of the parameters of microhardness and elastoplastic deformation of the dentine of the roots
of untreated teeth for further use in experimental studies devoted to the search for protocols that minimally
weaken the root structures during endodontic treatment.

MATERIALS AND METHODS. 14 premolars (9 upper and 5 lower) with a straight root, removed according to
orthodontic indications, were selected for the study. The root of each tooth was divided into three parts (oral,
middle, and apical), then the parameters of microhardness and elastic plastic deformation were determined
for each of the parts. Measurements were carried out in three areas: at the channel, in the middle part of the
sample and in the outer part of the sample.

RESULTS. Microhardness parameters: the middle segment has the highest microhardness values for
all thirds of the root: in the mouth - 95.02 (91.97-99.31) HV, 1026.05 (993.03-1072.37) (MPa), average —
97.34+12.45 HV, 1051.11 £ 134.47 (MPa) and apical- 100.08 £12.35 HV, 1080.69+ 133.33 (MPa).

Parameters of elastoplastic deformation: the middle segment has the highest modulus of elasticity in all
thirds of the root, the highest index is in the apical third of the root — 24.25 (24.01-25.30) (MPa), the lowest is
in the middle third (21.87 = 1.55 MPa); the highest relative work of elastic deformation is in the middle third of
the root, the lowest is in the mouth a third. At the same time, it increases from the mouth to the middle third,
and decreases from the middle third to the apical third. The greatest relative work of plastic deformation is
in the estuarine third, the smallest is in the middle third, while it decreases from the estuarine to the middle
third, and increases from the middle third to the apical third.

CONCLUSIONS. The apical third of the root is the hardest, while the middle third is the most elastic. When
considering the wall in a cross-section, the middle is the hardest, while the segments at the channel and at the
outer edge are less hard and more elastic.
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Pesiome

LLESTb UCCNEOOBAHNA. OueHka napaMmeTpoB MUKPOTBEPAOCTU U yNpyronnactuyeckoln aedopmaumm oeH-
TUHa KopHel HeobpaboTaHHbIX 3yO60B A1 JanbHelwero NCnofib30BaHUS B 9KCNepuMeHTasbHbIX UCCeno-
BaHMSAX, MOCBSILLLEHHbIX MOMCKY NPOTOKON0B, MMHUMAsbHO 0CNabnsioWwmx CTPYKTYPbl KOPHS B X04€ 9HA0A0H-
TUYECKOrO NIeYEHUS.

MATEPUAJNBI N METOAbI. Onsa nccnenosaHus 6bino oTo6paHo 14 npemMonapoB (9 BEPXHUX U 5 HUXKHUX)
C NPSIMbIM KOPHEM, yAasieHHbIX M0 OPTOAOHTUYEeCKMM nokasdaHusam. KopeHb kaxaoro 3yba Obin pasaeneH
Ha TpW YacTu (YCTbEBYIO, CPEOHION, anukanbHyi0), Aanee y Kaxaon U3 YyacTen onpenensnncs napameTpbl
MUKPOTBEPAOCTM 1 ynpyronaacTudeckon gedopmaummn. 3amepbl NPOBOAUAIN B Tpex obnacTax: y kaHana,
B CpefHeli yacTy ob6pasLa 1 B Hapy>XHOM YacTn obpasua.

PE3YJILTATbI. MapameTpbl MUKPOTBEPLAOCTU: CEFMEHT CEPEANHBI UMEET CaMbl€ BbICOKME NMOKasaTenam MMKpO-
TBEPOOCTM MO BCEM TPETSAM KOPHS: B ycTbeBon — 95,02 (91,97-99,31) HV, 1026,05 (993,03-1072,37) (Ma),
cpepHen — 97,34+ 12,45 HV, 1051,11 £ 134,47 (MNa) n anmnkaneHoi — 100,08 + 12,35 HV, 1080,69+ 133,33 (Mla).
MapameTpbl ynpyronnactnieckon nedopmarmm: CErMeHT cepeanHbl UMeeT HanboNbLUNIA MOAYIb YNPYroCcTU
no BCeM TpPeTsaAM KOPHS, HanbonbLUni noka3aTesib — B anukanabHOM TpeTu KopHs — 24,25 (24,01-25,30) (MMa),
HaMMeHbLUWIA — B cpeaHen TpeTu (21,87 1,55 Ma); Hanbonbluas oTHOCUTENbHas paboTa ynpyron nedop-
Maunu — B CpeaHen TPEeTU KOPHS, HAaMMeHbLLIAasi — B YCTbeBOW TPeTU. [1pn 3TOM OT YCTbEBOW K CPeHEN TPEeTU
YBEJIMYNBAETCH, @ OT CPeJHen TPETU K annkasibHOM — yMeHbllaeTcsa. Hanbonbluasa oTHocutensHasa paboTta
naactuyeckom gedpopmaymm B YCTbEBOW TPETU, HAMMEHbLUAS — B CPEOHEN TPETU, Npn 3TOM OT YCTbEBOWM
K CPeLHEeN TpeTn YMEHbLLAETCS, a OT CPeAHEN TPETU K anukanbHOW — YBESIMYMBAETCS.

BbIBOAbl. AnvnkanbHaa TpeTb KOPHSA ABNsSeTcsa Hanbonee TBEpPAOn, Toraa Kak cpeaHaa TpeTb — Haubonee
anacTuyHoi. Mpn paccMOTPEHUM CTEHKM B MONEPEYHOM Cpe3e Hanbonee TBepAON ABNSETCHA CepeamnHa, Tor-
[,a Kak CerMeHThl y KaHana 1 y Hapy>XHOro Kpasi MeHee TBepable 1 6osiee anacTuyHbIe.

KnioueBbie cnoBa: MUKPOTBEPLAOCTb KOPHS 3y6a, MOAyJb YNPYrocTu, 3KCnepuMeHTalbHOe NCCNe0BaHNE
UHdopmauuma o ctaTbe: noctynuna — 29.09.2025; ncnpaeneHa — 01.11.2025; npunarta — 07.11.2025
KoH$AUKT nHtepecos: ABTOPbI cO0OLLAIOT 06 OTCYTCTBUN KOHMMKTA UHTEPECOB.

BnaropgapHocTu: drHaHCUPOBAHME 1 NHANBMAYaAIbHbIE 6N1arofapHOCTY ANs AeKNapUPOBaHUS OTCYTCTBYIOT.

Ana umtnposanuma: TantyH l0.A., Makeea M.K., Benos [1.C., bsikoea C.®., BopoHoB N.A., OmapoBa X.0., ba-
6aeBa J1.K., AsetucsH I.I., babaxaHoB [.A., Ctapoay6uesa E.E. CooTHOLWEHME NapaMeTpoB MUKPOTBEPLO-
CTM 1 ynpyronnacTuyeckon gedopmaumnm HaTypasbHbix 3yOOB Kak OTNpaBHas To4ka As 3KCnepuMeHTasb-
HbIX UCCNEeA0BaHNIA, MOCBALLEHHBIX MUHUMU3ALMN 0CnabnieHnst CTPYKTYPbl KOPHS B XO4E 3HA0A0HTMYECKOro
nedenus. SHgoaoHTus Today. 2025;23(4):603-614. https://doi.org/10.36377/ET-0136

INTRODUCTION

The issue of reduced microhardness of root dentin
during endodontic treatment has been extensively dis-
cussed in both Russian and international literature [1-4].
A significant decrease in this parameter under the influ-
ence of various factors may lead to vertical root fracture
[5; 6]. Microhardness of root dentin can only be studied
under experimental conditions, which creates certain
challenges in applying the obtained results to clini-
cal practice. To address this issue, researchers either
compare their findings with previously published data or

dHdodoHmus
————TLT

include a group of non-endodontically treated teeth in
their own studies for comparison.

In several studies [7; 8], a direct comparison is made
between the microhardness values of untreated teeth
and those of the experimental groups. However, this
approach has a limitation: direct comparison between
treated and control teeth may not always be accurate,
since root dentin microhardness can vary across dif-
ferent root regions, among different types of teeth, be-
tween young and elderly individuals, and even the pre-
sence of diabetes can affect dentin microhardness [9].
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The most informative results to date are obtained
using an approach that includes a group of untreated
teeth, but instead of directly comparing the absolute va-
lues, the difference between them is analyzed [10; 11].
In this method, the root is divided into three thirds, and
the microhardness difference between these thirds is
measured. Then, the microhardness of the three thirds
of the roots in the experimental group is measured and
compared. If a statistically significant difference is ob-
served, a conclusion is drawn regarding the change in
microhardness under the influence of a specific root ca-
nal treatment. A certain limitation of this approach is that
it compares mean microhardness values of the samples,
while microhardness may vary within a single specimen.

Furthermore, considering that in vitro studies on the
microhardness of root dentin are primarily aimed at pre-
venting root weakening and fractures, it is essential to
take into account not only microhardness but also elas-
ticity parameters. It is known that one of the main func-
tions of the tooth root is to transmit masticatory loads
to the jawbone; therefore, the root can be regarded as
a system subjected to multidirectional compressive and
tensile stresses [12]. Stable functioning of such a sys-
tem is possible only with a balanced ratio between hard-
ness and elasticity.

Thus, to assess the effect of endodontic treatment
on root strength, it is reasonable to measure not only
microhardness but also parameters of elastoplastic de-
formation. In this context, the focus should be placed
not so much on the absolute values of these parameters
as on the ratios between them. The variation of these
ratios allows researchers to evaluate the contribution
of different endodontic canal treatment methods to the
change in root strength.

Accordingly, the aim of the present study was to
perform a comprehensive assessment of the param-
eters of microhardness and elastoplastic deformation
of tooth roots, in order to identify key reference points
for further experimental research aimed at developing
treatment protocols that minimize structural weakening
of the root during endodontic therapy.

MATERIALS AND METHODS

This experimental study is part of a research pro-
ject approved by the Ethics Committee of the Peoples’
Friendship University of Russia named after Patrice Lu-
mumba (Protocol No. 7, dated April 21, 2022).

According to the literature, along with mandibular
molars, premolars belong to the category of teeth with
an increased risk of developing vertical root fractures.
Therefore, in this study, both maxillary and mandibular
premolars were evaluated.

Inclusion criteria: single-rooted premolars with
straight roots (curvature not exceeding 5° according
to the classification by Schneider [13]); root canal con-
figuration type | according to Vertucci (i.e., a single root
canal extending from the pulp chamber to the apex,
ending with one apical foramen [14]); and no previous
endodontic treatment.

The teeth were extracted for orthodontic reasons
from male and female patients over 30 years of age
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who had no systemic or local conditions that could af-
fect root dentin microhardness, such as hereditary dis-
orders of dental hard tissues and mineral metabolism
(imperfect dentinogenesis, imperfect amelogenesis,
osteogenesis imperfecta, dentin dysplasia, etc.), dia-
betes mellitus [9], or periodontal pockets.

To ensure that the obtained sample more accurately
reflected the studied parameters, taking into account
possible individual variability among patients, only one
tooth per jaw was taken from each patient (i.e., only one
maxillary and/or one mandibular premolar).

Thus, based on the specified criteria, the study in-
cluded 14 premolars (9 maxillary and 5 mandibular) ex-
tracted from 13 patients (5 males and 8 females) aged
35 to 43 years, with a mean age of 37.9+2.7 years.

The crowns were removed using a separation disc so
that the remaining root length was 15 mm (Fig. 1).

The root was divided into three sections: coronal,
middle, and apical thirds (Fig. 2).

Each root section was assessed for microhardness
parameters: H (Hit) (MPa) — microhardness, HV - Vic-
kers hardness, hm (nm) — indenter penetration depth;
and elastoplastic deformation parameters: E (Eit)
(GPa) — elastic modulus (Young’s modulus), We (%) -
relative work of elastic deformation, and Wp (%) — rela-
tive work of plastic deformation using the microindenta-
tion method.

The laboratory stage of sample preparation for in-
dentation included embedding in epoxy resin, poly-
merization, polishing, and treatment with isopropyl
alcohol (GOST 9805-84). Measurements were per-
formed using a Micro-indentation tester (CSM Instru-
ments, Switzerland) (Fig. 3) with a Berkovich indenter
(Fig. 4), at a maximum load of 50 mN and a dwell time
of 10 seconds.

For a comprehensive assessment of the microhard-
ness and elastoplastic deformation parameters of the
tooth root, measurements in each root section (coronal,
middle, apical) were performed in three segments: ad-
jacent to the canal, in the middle of the specimen, and in
the outer part of the specimen (Fig. 5).

Fig. 1. Marking

and measurement

of the premolar root
Puc. 1. MapkunpoBka
1 U3BMEPEHME KOPHSA
npemongapa

Fig. 2. The root

of the premolar after
dividing into three parts
Puc. 2. KopeHb
npemonspa nocne
pasfenieHns Ha TPy 4acTum
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Statistical analysis was performed using StatTech
v. 4.8.11 (LLC StatTech, Russia). Quantitative variables
were assessed for normality using the Shapiro-Wilk
test. Quantitative variables with a distribution consistent
with normality were described using mean values and
standard deviations (M*=SD). The 95% confidence in-
terval was reported as a measure of representativeness
for the mean values. In cases where the distribution de-
viated from normality, quantitative data were presented
using the median and interquartile range (Me (Q1-Q3)).

RESULTS

The comparison of the obtained values for a compre-
hensive assessment of microhardness and elastoplastic
deformation parameters was carried out as follows:

1. Comparison of the overall mean values of each
third of the root.

2. Comparison of the overall mean values of each
segment (e.g., the mean of the canal-adjacent seg-
ments across all three root thirds).

Fig. 3. Appearance of a microindentometer
with a mounted sample

Puc. 3. BHelwHWIH BUA MUKPOMHAEHTOMETPA
C YCTa@HOBNEHHbIM 06pa3LoMm

dHdodoHmus
T

(a truncated three-sided diamond pyramid)
with a device for measuring microhardness

Puc. 4. NupeHtop BepkoBuya
(yceuyeHHada TpexrpaHHas anmasHas nmpammaa)
CO CHacKoM AN NSMePEHNs MMKPOTBEPOCTH

Fig. 5. The diagram of the root areas in which
measurements were carried out: in each of the

root parts (mouth (7), middle (2) and apical (3)),
measurements were carried out in three segments

(at the lumen of the root canal (A), in the middle of the
sample (B) and at the outer edge (C)). When calculating
the relative difference in parameters between different
thirds of the root and segments, they moved vertically
from the mouth to the apex, and horizontally from the
channel to the outer edge (indicated by arrows)

Puc. 5. Cxema obnacreli KOpHS, B KOTOPbIX
NPOBOAMIIN N3MEPEHUNS: B KAXA0M N3 4HaCTEN KOPHS
(ycTbeBoW (1), cpegHeii (2) u anukanbHom (3))
NPOBOAMIN N3MEPEHNE B TPEX CErMEHTax (y NpocBeTa
KOpHEeBOro kaHana (A), B cepeauHe obpasua (B)

1y HapyxHoro kpas (C)). NMpu pacyete OTHOCUTENBHOWN
pasHULbl NapaMeTpPoOB MeXAy PasnnNyHbIMU TPETAMU
KOPHS U CEFMEHTaMM B BEPTUKaNIbHOM HanpaBfiEHUU
OBUranmchb OT YCTbS K aNeKCy, a B rOPU30HTaIbHOM
HanpaB/EHNN — OT KaHaJsa K Hapy>XHOMY Kpato
(ykazaHo cTpenkamm)
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3. Comparison of the mean values of each segment
within a single root third.

4. Comparison of the mean values of a specific seg-
ment across different root thirds.

5. Assessment of the relative difference between
statistically significant mean values.

The comparison of the overall mean values of the
studied parameters for each root third indicates that,
in terms of microhardness, there was no statistically
significant difference between the coronal, middle, and
apical thirds of the root. Statistically significant differ-
ences were observed for the elastoplastic deformation
parameters.

The highest elastic modulus was recorded in
the apical third, and the lowest in the middle third
(19.22 [17.93-23.93] GPa and 18.50 [15.91-20.45] GPa,
respectively; p = 0.032). Calculation of the relative dif-
ference between mean values showed that the elastic
modulus decreased by 1.5% from the coronal to the
middle third and increased by 3.8% from the middle to
the apical third.

The highest relative work of elastic deformation
was observed in the middle third, and the lowest in the
coronal third (27.25+2.86% and 25.24+2.67%, respec-
tively; p = 0.002). The relative difference between mean
values indicated an increase of 7.9% from the coronal to
the middle third and a decrease of 0.4% from the middle
to the apical third.

711 pm 569 -427

[objective 5x X=107.41 pm - ¥ = 518,18 ym

A

60/

The highest relative work of plastic deformation was
found in the coronal third and the lowest in the middle
third (74.44[73.05-76.49] % and 72.49 [71.11-74.53] %,
respectively; p = 0.007). Calculation of the relative dif-
ference showed a decrease of 2.6% from the coronal to
the middle third and an increase of 1.1% from the middle
to the apical third.

When comparing the overall mean values of each
segment, it was found that the middle segment had
significantly higher microhardness and elastic modulus
compared to the canal-adjacent segment and the out-
er-edge segment (p < 0.001).

Next, the mean values of each segment within a sin-
gle root third were compared. In the coronal third, the
middle segment exhibited the highest microhardness
(95.02[91.97-99.31] HV, 1026.05 [993.03-1072.37] MPa),
whereas the canal-adjacent segment showed the lowest
values (60.98 [51.76-85.06] HV, 658.43 [558.89-918.50]
MPa), with the differences being statistically significant
(p <0.001).

Fig. 6 shows a microphotograph of the specimen at the
canal-adjacent segment of the coronal third, along with the
corresponding indentation curve for this measurement.

When calculating the relative differences between
mean values, it was determined that microhardness in-
creased by 55.8% from the canal-adjacent segment to
the middle segment, then decreased by 23.4% toward
the outer-edge segment.

62.57
56.2
50.0
43.7+
37.57
31.2
25.0
18.7
12.5+

6.2

0.0 N+~~~
Onm 250 500 750 1000 1250 1500 1750 2000 2250 2500
H Indentation

Fig. 6. Sample of the mouth of the root during the indentation of the segment at the canal: A — micrograph
(the measuring points near the lumen of the root canal are highlighted in a red rectangle, points 7 and 6 are
numbered); B — indentation curve at point 6 of this sample, the abscissa axis is the depth of penetration

of the indenter, the ordinate axis is the load, the horizontal section (exposure) demonstrates the retention
of the sample under a maximum load of 50 mN for 15 seconds, the depth of the indenter penetration (hm)

for this point was 2087.69 nm

Puc. 6. O6pa3seL, yCTbEBOI HaCTW KOPHS B MPOLECCE MHAEHTUPOBAHWS CErMeHTa y kaHana: A — mukpodgoTorpadus
(To4kM 3amMepa OKOJI0 NPOCBETA KOPHEBOIO KaHana BblAeneHbl KPaCHbIM NPAMOYrOIbHUKOM Y MPOHYMEPOBaHb! 1 1 6);
B — kpviBasi UHOEHTUPOBAHUSA B TOYKE 6, OCb abCcumceC — rybrHa NPOHUKHOBEHUS MHAEHTOPA, OCb OpAVHAT —
Harpyaka, rOpu30oHTasbHbI Y4aCTOK (BblAEPKKa) AEMOHCTPUPYET yaepxaHne obpasLa nog MakcumasnbHom
Harpy3koii 50 MH B TeueHumn 15 cekyHA, rnybrHa NpOHMKHOBEHUS MHAEHTOPA (hm) Ans AaHHO TOUKN

coctaBuna 2087,69 Hm
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Regarding elastoplastic deformation parameters,
the highest elastic modulus was found in the middle
segment (23.41 [22.57-26.22] GPa) and the lowest in
the canal-adjacent segment (16.17 [15.40-21.21] GPa),
with a statistically significant difference (p < 0.001). The
relative difference calculation showed an increase of
44.7% from the canal-adjacent segment to the middle
segment and a decrease of 3.3% from the middle to the
outer-edge segment.

In the middle third of the root, the middle segment
exhibited the highest microhardness (97.34+6.45 HV,
1051.11£75.47 MPa) and the outer-edge segment the
lowest (72.22+9.80 HV, 779.84+50.83 MPa), with sig-
nificant differences (p < 0.001). Relative difference cal-
culations indicated an increase of 25.2% from the ca-
nal-adjacent segment to the middle segment, followed
by a decrease of 25.8% toward the outer edge. For elas-
toplastic parameters, a significant difference was ob-
served in the elastic modulus: the middle segment had
the highest value (21.87 +1.55 GPa), and the outer-edge
segment the lowest (17.09+2.97 GPa) (p < 0.001). Rela-
tive difference analysis showed a 26% increase from
the canal-adjacent segment to the middle segment and
a 21.9% decrease from the middle to the outer-edge
segment.

In the apical third, similar patterns were observed.
The middle segment had the highest microhard-
ness (100.08+6.35 HV, 1080.69+65.33 MPa) and

711 um 569 427

X =-55.56 pm - Y = 523.64 ym

[objective 5x

the outer-edge segment the lowest (70.18+5.01 HV,
757.83+54.08 MPa), with significant differences
(p < 0.001). Relative difference calculations showed an
increase of 17.2% from the canal-adjacent segment to
the middle segment and a decrease of 29.8% toward
the outer edge. Regarding elastoplastic parameters,
a significant difference was observed in the elastic
modulus: the middle segment had the highest value
(24.25 [24.01-25.30] GPa) and the outer-edge seg-
ment the lowest (18.10 [17.10-19.38] GPa) (p < 0.001).
Relative difference analysis indicated a 26.8% in-
crease from the canal-adjacent segment to the middle
segment and a 25% decrease from the middle to the
outer-edge segment.

Fig. 7 shows a microphotograph of the specimen at
the canal-adjacent segment of the coronal third of the
root, along with the corresponding indentation curve for
this measurement.

Next, the mean values of each specific segment
were compared across different thirds of the root.

When evaluating the segment near the canal, it was
found that microhardness significantly increased from
the coronal third toward the apical third of the root
(p=0.045). The relative difference analysis showed
that the microhardness of the segment near the canal
increased by 19.2% from the coronal to the middle third
and by an additional 13.8% from the middle to the api-
cal third.

62.57
56.2;
50.02
43.7;
37.51
31.2;
25.02
18.7;
12.5;

6.2+

0.0 MNP~ ——f——f——+————
Onm 200 400 600 800 1000 1200 1400 1600 1800 2000
M Indentation

Fig. 7. Sample of the apical part of the root during the indentation of a segment at the canal: A — micrograph
(the measuring points near the root canal lumen are numbered); B — indentation curve at point 5 (highlighted
in red) of this sample, the abscissa axis is the indenter penetration depth, the ordinate axis is the load,

the horizontal section (exposure) demonstrates the retention of the sample under a maximum load of 50 mN
for 15 seconds, the indenter penetration depth (hm) for This point was 1570.85 nm

Puc. 7. O6pasel, annkasnbHOA YaCTu KOPHS B NPOLECCe NHAEHTUPOBAHNSA CErMeHTa y kaHana:

A — mukpodoTorpadus (To4km 3amMmepa 0KOJ10 NPOCBETA KOPHEBOIO KaHania NPoOHYMEepPOBaHbI);

B - kpuBasi MHOEHTNPOBaHUSA B TOUKe 5 (BblaeneHa KpacHbIM), 0Cb aOCLNCC — rNyOMHa MPOHUKHOBEHUS
MHOEHTOPA, OCb OPAVHAT — Harpy3ka, rOpU30HTasIbHbIN YH4ACTOK (BblAEPXKA) AEMOHCTPUPYET yaAEpPXKaHUE
obpasua nog MmakcumanbHom Harpy3kon 50 mH B TedeHun 15 cekyHp, rnybuHa NPOHNKHOBEHUS nHaeHTopa (hm)

ON9 gaHHom To4km coctaBuna 1570,85 Hm
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Among the elastoplastic deformation parameters,
statistically significant differences were observed in the
relative work of elastic and plastic deformation. The re-
lative elastic work significantly increased from the coro-
nal to the apical third of the root (p = 0.024): from the
coronal to the middle third, this parameter increased
by 4.26%, and from the middle to the apical third — by
8.7%. Conversely, the relative plastic work signifi-
cantly decreased from the coronal toward the apical
third (p = 0.05): from the coronal to the middle third, it
decreased by 1.8%, and from the middle to the apical
third — by 4.8%.

When evaluating the middle segment, no statisti-
cally significant differences in microhardness were
found between the coronal, middle, and apical thirds
of the root. However, among the elastoplastic defor-
mation parameters, a significant difference was de-

HV EIT
A55,8% 1/23,4% N4, 7% 3,3%
60,98 —b 95,02 = 72,70 16,17 —» 23,41 -} 18 61

----- 18,79

V6,4%

N9,2% / /
M Ms,o% A7,0% N4,26%
A25,2% \,25,8% A26,0%¥ \21,9%

609

tected for the elastic modulus, which was highest in
the apical third (24.4+1.07 GPa) (p = 0.002). The mo-
dulus decreased by 5.4% from the coronal to the mid-
dle third and increased by 10.8% from the middle to
the apical third.

When analyzing the outer edge segment, no statisti-
cally significant differences in microhardness were ob-
served. However, a significant difference was identified
in the relative elastic work, which was highest in the mid-
dle third (27.52+2.96%) (p = 0.046) and lowest in the
coronal third (25.35+1.94%). The parameter increased
by 8.5% from the coronal to the middle third and de-
creased by 4.8% from the middle to the apical third.

Fig. 8 presents a schematic representation of the
statistically significant relationships between the pa-
rameters; mean values are given without standard de-
viation or interquartile range.

We Wp
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Fig. 8. Schematic representation of the mouth, middle and apical thirds (from top to bottom) teeth
with significantly different parameters (HV is the Vickers microhardness, Eit is the modulus of elasticity, GPa,
We(%) is the relative work of elastic deformation, Wp(%) is the relative work of plastic deformation).The black

numbers in bold are the average values of the parameters in each of the segments (from left to right: the segment
at the channel, the segment in the middle, the segment at the outer edge), the numbers in italics are the average
values of the parameter for a third of the root as a whole.The arrows indicate the difference between significantly
different values, the direction of the arrow indicates from which digit to which the difference is calculated: green
arrows indicate the change in the parameter between equally spaced segments of different thirds of the root;
brown arrows — between different segments of the same third of the root; purple arrows — the difference between
the total average values of the parameter for a third of the root as a whole; The dotted line indicates that there

are no significantly different values

Puc. 8. CxemaTtnyHoe nsobpaxxeHne yCcTbeBON, CpegHEeN N annkanbHON TpeTen (CBepxy BHM3) 3yba

C yKa3aHHbIMW JOCTOBEPHO pasnunyatowmmucd napametpamu (HV — mukpoTeepaocTb no Bukkepcy, Eit — moaynb
ynpyrocTtu, 'Ma, We (%) — oTHocuTenbHas paboTa ynpyron gedopmaummn, Wp (%) — oTHocuTenbHas paborta
nnacTtuyeckoro gedpopmuposaHuns). Lndpel 4epHOro LBeTa, BblAeNEHHbIE XUPHbIM WPUGTOM — CpeaHue
3Ha4YeHVs NapameTpPoB B KaXXA0M N3 CEerMEHTOB (C/ieBa Hanpaso: CErMeHT y KaHasa, CErMeHT CepefnHbl,
CErMeHT Y Hapy>XHOro kpasy), umdpbl, BblAeNIEHHbIE KYPCMBOM — CPEeAHNE 3HA4YEHUS napamMeTpa aas TpeTu KOpHs
B Lenom. CTpenkamMmum ykasaHa pasHuiLa Mexay A40CTOBEPHO Pa3iMyaloLMMNCA S3HAYEHUSMU, HanpaBieHmne
CTpPEeJIKM YKa3blBaeT OT KakoM Lmdpbl K KaKOW NocHMTaHa pasHuLua: 3efeHble CTPeSIKM YKa3dbliBaloT U3MEHeHne
napameTpa Mexay 0ANHaKOBO PACMOIOXKEHHbBIMW CErMEHTaMM Pa3INYHbIX TPETEN KOPHS; KOPUYHEBBIE

CTPENIKM — MeXay pasnnyHbIMU CErMEeHTaMm OLHOM U TOW XXe TPeTu KOPHS; GUOSIETOBbIE CTPEJIKN — pasHmLy
Mexay CyMMapHbIMW CPeOHNMN 3HAYEHNSAMMW NapameTpa AN TPETU KOPHS B LeNIOM; MYHKTUPHAs NNHNUSA
yKasblBaeT Ha OTCYTCTBME JOCTOBEPHO PA3/INYAIOLLNXCH SHAYEHUI
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DISCUSSION

Several studies have confirmed that determining mi-
crohardness is an appropriate method for the indirect
assessment of changes in the mineral component of
dental tissues [15-17]. The microhardness of root den-
tin is an important, though not the only, parameter re-
sponsible for the tooth’s mechanical strength. Numer-
ous investigations have been devoted to evaluating the
microhardness of root dentin [18-20].

Considering the tooth as a system that perceives
and transmits masticatory load, the elasticity of its
constituent tissues should not be underestimated.
Studies focusing on this property of root dentin are
also presented in the literature [21], although they are
less numerous compared to those dedicated to micro-
hardness. This indicates a certain underestimation of
the contribution of elasticity parameters to the fracture
resistance of the root.

In the present study, the authors conducted a com-
prehensive assessment of both the microhardness and
elastoplastic deformation characteristics of the same
root dentin specimens. The obtained data may contri-
bute to a deeper understanding of the role and interre-
lation of these two parameters within different regions
of the root in ensuring overall tooth strength.

One of the challenges of experimental research lies
in the applicability of findings to real clinical conditions
and in the comparability of results across different stu-
dies. The use of various standards, reference sam-
ples, and baseline values enables such assessment. In
this work, the authors aimed not only to investigate the
changes in microhardness and elastoplastic deforma-
tion parameters across different thirds and segments
of the tooth root, but also to determine the relative dif-
ference (in percentage terms) between statistically sig-
nificant values. These data can be used for compari-
son with other studies, as they allow conclusions to be
drawn regardless of the measurement units applied or
the indentation load used.

In the literature, only a limited number of studies
have been found that focus on mapping the mechanical
properties of dental tissues [22; 23], analyzing the gra-
dient of their strength characteristics [24], or modeling
the fluctuation of specific parameters [21]. The results
obtained by the authors of this study complement the
data from these previous works and expand the current
understanding of the distribution of strength and elastic
properties throughout the root dentin.

In the studies analyzed during the literature review
stage, dedicated to the investigation of microhard-
ness, most authors evaluated the mean values for
one-third of the tooth root (coronal, middle, and apical
thirds) [10; 11]. In several studies, measurements were
performed for the entire root [25], while one study as-
sessed only the middle third [26]. The distinctive feature
of the present research is that, in addition to evalua-
ting the mean microhardness and other parameters of
each root third, measurements were also conducted
within three segments of each third (near the canal, in
the middle, and near the outer surface). This approach
allows assessment of parameter variations both in the

dHdodoHmus
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vertical direction (from the cervical to the apical region,
consistent with the direction of masticatory load trans-
mission) and in the horizontal direction through the root
wall (from the canal to the outer surface, corresponding
to the direction of stress propagation in the presence of
an intracanal post or inlay).

When comparing the results of the present study with
other works, a generally similar trend can be observed.
As in the authors’ findings and in other studies [25],
no statistically significant differences in microhardness
were found among the mean values of the coronal, mid-
dle, and apical thirds of intact roots. No studies asses-
sing microhardness across different segments within
the same root third were identified during the literature
search.

In the study by Jira and Némecek [27], the elastic
modulus of root dentin was evaluated using a design
similar to that employed in the present study, with an
identical indentation load of 50 mN. The distribution
of elastic modulus values was assessed in both longi-
tudinal and transverse directions; however, transverse
measurements were performed only for the middle third
of the root. According to their findings, on the cross-
section of the middle third, the elastic modulus of root
dentin was approximately 17 GPa at the cement-dentin
interface, 23 GPa in the middle of the specimen, and
14 GPa near the root canal. In the present study, com-
parable values were obtained for the middle third of the
root: 17.0 GPa near the outer surface, 21.87 GPa in the
middle, and 17.34 GPa near the canal. The mean longi-
tudinal elastic modulus reported by Jira (~18 GPa) and
in the present study (18.80 GPa) were also similar.

Alimitation of Jira’s study compared with the present
research was that the transverse elastic modulus was
evaluated only in the middle third of the root. Converse-
ly, its advantage was the assessment of two directions -
mesiodistal and buccolingual — whereas in the present
study, measurements were performed in a single direc-
tion. The statistical significance of differences between
measurement points was not provided in Jira’s study,
likely because the analysis was conducted on a single
extracted premolar.

A major limitation of ex vivo studies evaluating the
microhardness and elastoplastic properties of extrac-
ted teeth lies in the difficulty of forming a homogeneous
sample group. This constraint was mentioned in all the
cited sources and also applies to the present research.
Several reviewed studies noted that one of the key fac-
tors influencing the mechanical properties of dental
tissues is the patient’s age. Additionally, the authors of
the present study emphasize that the reason for tooth
extraction also plays a crucial role. In most reviewed
papers, teeth extracted for orthodontic reasons were
used, although one study [26] included teeth extracted
due to periodontal disease.

It is known from the literature that natural anatomi-
cal connections exist between the pulp and periodontal
tissues [28]; therefore, chronic inflammatory processes
in the periodontium can stimulate increased secondary
dentin deposition. According to Surdina [29], in patients
with periodontitis, the histological age of the pulp ex-
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ceeds the chronological one. These variations must be
considered when interpreting results from pooled tooth
groups or should be addressed by separating such
teeth into distinct study cohorts.

CONCLUSION

The presented study has a fundamental character,
asitrefines and complements existing data on the distri-
bution of microhardness and elastoplastic deformation
parameters in root dentin. The apical third of the root
was found to be the least elastic, whereas the middle
third demonstrated the highest elasticity. This relation-
ship likely provides optimal resistance to vertical loads.
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