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Objective. To study the stress-strain state of demineralized tooth enamel after its impregnation with a low-
viscosity composite in a long-term period of functioning in the oral cavity in a series of equivalent cyclic tests;
to study the correlation of the experimental results with clinical observations of the treatment of enamel
caries using a modified infiltration technique.

Materials and methods. The parameters of laser holographic interferometry and atomic force microscopy,
reflecting the timing, type and severity of deformation defects in samples of demineralized tooth enamel were
analyzed in a series of equivalent cyclic tests. During the experiment the samples underwent classical infiltra-
tion with composite using ICON technology (main group) and a 2-stage enamel caries treatment technique,
including carrying out a time-modified conditioning of classical infiltration and the final stage (stages) of
enamel coating with a bioactive hybrid glass ionomer (comparison group).

Results. The first signs of the deformation defects generation in demineralized enamel filtered on the classi-
cal method (the appearance of perifocal microcracks) were recorded in 11.2 % of the tested samples after
09 - 10° cycles (equivalent to 9 months of functioning of a tooth with treated enamel caries in the oral
cavity), during further cyclic tests the percentage of samples with local defects increased progressively. Signs
of a violation of the stress-strain state in the enamel after combined treatment (samples of the comparison
group) were revealed in cycles corresponding to 2-3 years of being in an artificial environment of the oral
cavity. Experimental data correlated with the clinical observations both in time and frequency of complica-
tions (secondary/recurrent caries) in the long term after treatment of enamel caries by various methods.
Conclusions. In the process of equivalent cyclic tests, heterogeneous elastic-plastic deformations develop in
the thickness of a section of demineralized enamel impregnated with a flowing composite and along its peri-
focal zones, most pronounced at the interface between intact and treated enamel, which leads to the deve-
lopment of local defects, delaminations, cracks, and destruction of the structurally heterogeneous environ-
ment of tooth enamel. According to the results of the comparative analysis, the most favorable results in
terms of the timing of development, frequency and severity of deformation defects were obtained in samples
of demineralized enamel after its treatment using a modified caries infiltration technique followed by coating
with a bioactive hybrid glass ionomer.

Keywords. Composite materials, aesthetic and functional restoration, enamel caries, stress-strain state,
equivalent cyclic tests.

Iens. B cepun S5KBUBAIECHTHBIX NUKINYECKUX UCTIBITAHUI U3YYUTh HANPDKEHHO-E(DOPMUPOBAHHOE CO-
CTOAHUE JIEMUHEPAIM3OBAHHON 3MaIM 3y6a MOCIE €€ MMIPETHAIUMM KOMIIO3UTOM HM3KOH BA3KOCTH B
CPOKH, 3KBUBAJIEHTHBIE VIUTEBHOMY HIEPUOAY (DYHKLIUOHUPOBAHUSA B IIOJIOCTH PTd; COOTHECTU PE3Y/IbTA-
Tl 3KCIEPUMEHTOB C KIMHUYCCKUMY HAOMOACHUAMY JIEYCHUA KAPUECA 3MATU 10 MOAU(PUINPOBAHHON
UH(WIBTPALUOHHON METOJUKE.

Matepuanst ¥ MeTOABI. [IpOaHATM3UPOBAHE! IAPAMETPHI 1a3€PHOK TONOIPAUYECKOi! HHTEP(EPOMETPUY U
ATOMHO-CWIOBOY MUKPOCKOIHUH, OTPAKAIOMME CPOKU NOABIECHUA, TUI U BHIPLKCHHOCTD AE(POPMALMOHHBIX
JeexroB B 00pa3Liax AEMUHEPATU30BAHHON 3Ma/IM 3yO0B, Ha KOTOPBIX B IPOLIECCE SKCIIEPUMEHTA BOCIIPOU3-
BEJICHA KIACCHYECKAs MHDUWIBTpauys KoMno3uToM 1o texHonoruy ICON (ocHOBHAd IPYNIA) U ABYX3TAIHAS
METOAMKA JIEYEHUsA KAPUECA IMAIH, BIIOYAIOMAA IPOBEACHHAE MOAU(PULIMPOBAHHON 10 BPEMEHH KOHJULIAO-
HUPOBAHUA KIACCUYECKON MH(PUIBTPALMY U 3AKTIOUUTENBHBIN TAIl (ITAIBI) IOKPBITUA SMAIA OUOAKTUBHBIM
TMOPUHBIM CTEKIOMOHOMEPOM (IPYIIIA CPABHEHMA).

Pesyabrarel. [lepBble IPU3HAKM TCHEPAUUU AE(POPMALUOHHBIX ACEKTOB B IPOUH(PUIBTPUPOBAHHON 110
KIACCUYECKOH METOIMKE JEMUHEPAIU30BAHHON MY (IIOABIEHUE TEPUPOKUIBHBIX MUKPOTPEIINH) 3A(PUK-
CUPOBAHBI Y 11,2 % TECTUPYEMBIX 00PA3LI0B 4ePE3 0,9-10° IUKIOB (SKBUBATICHT 9 MECSIICB (DYHKLMOHMPOBAHU
3y6a C TPOJIEYEHHBIM KAPUECOM 3MAIH B TIOJIOCTH PTA), B XO/IE JABHEHIINX [TUKJIOBBIX MCTIBITAHUY POLIEHT
00pa3L0B C JIOKUIbHBIME Je(PEKTAMU IIPOTPECCHBHO HAPACTAL [IPU3HAKM HAPYIIEHWUA HAIPDKECHHO-
JebOpMUPOBAHHOIO COCTOAHMS B AMAIM NOCTIE KOMOMHUPOBAHHOTO JIUEHHs (00pa3Libl IPYIIIBI CPABHEHM)
BBIAB/ICHBI B LIUK/IAX, COOTBETCTBYIOMNX 2—3 T'OZjAM HAXOKICHUA B YCIOBUAX MCKYCCTBEHHON CPEbl IONOCTH
pra. DKCHEPUMEHTATBHBIE JAHHBIE KOPPEIUPOBAIN C KIMHUYECKAMU HAOMOJCHUAMU 10 BPEMEHH U 4aCTOTE
TPOSABIEHUA OCIOKHEHNN (BTOPUYHOTO / PELUVBHOIO KAPUECA) B OTAAIEHHBIE CPOKU TIOCIIE JIEYEHUS KapHe-
€2 3MAJIM PA3HBIMA METOLAMHL
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BeiBogpL. B mporecce SKBUBANCHTHBIX LMKINYCCKUX WCTIBITAHWN B TOMME YYACTKA JNEMHHEPAIM3OBAHHON
SMAY, IPOMMIIPETHUPOBAHHON TEKYYUM KOMIIO3UTOM, U IO €TI0 NEPUPOKAIBHBIM 30HAM PA3BUBAIOTCA HEOH-
HOPOJHBIE YIPYTOIUIACTUYECKHE Je(hOPMALNHY, HAUOO0IEE BBIPLKEHHbBIE HA TPAHULAX PA3/ieid MHTAKTHOU U
IPOJNIEYECHHON 3MANIH, YTO IMPUBOIUT K PA3BUTHIO JIOKAIBHBIX AE(EKTOB, PACCIOCHUI, TPEIIHH, PA3PYILEHHIO
CTPYKTYPHO-HEOAHOPOAHOM CPefibl SMAIM 3y6d. 10 UTOraM CPaBHUTEILHOIO aHAM3d HANOONEE OIaronpuAT-
HBIE PE3YILTATHI B YACTH CPOKOB PA3BUTHA, YACTOTBI ¥ CTENIEHN BBIPLKEHHOCTH Je(hOPMALMOHHBIX JIE(DEKTOB
TIOMYYEHbI y 00PA3LIOB AEMUHEPATN3OBAHHON 3MAIN NOCHE €€ NIEYEHHH 110 MOIU(ULIMPOBAHHON METOAUKE Ka-
pUeC-MHPWIBTPALUHU C TOCIEAYIOMUM OKPBITUEM OGUOAKTUBHBIM I'HOPUIHBIM CTEKIOMOHOMEPOM.
KrroueBpie €10Ba. KOMIIO3UTHBIE MATEPHANBL, 3CTETUKO-(DYHKIMOHAIbHAA PECTABDPALIUA, KADHEC IMATIH,
HANPSDKEHHO-AE(POPMUPOBAHHOE COCTOSHKE, IKBUBANICHTHBIC LIMKINYECKNAE UCIIBITAHUA.

INTRODUCTION

Aesthetic-functional restoration (AFR)
of lost dental tissue (dentine, enamel, ce-
ment) is the most common treatment pro-
cedure in an outpatient dentistry clinic.
Modern composite materials (CM) play a
key role in the AFR of teeth, the require-
ments for which, despite their diversity in
the dental market, are constantly increasing.

Modern dental materials science and
conservative preventive dentistry high-
light the following promising directions
for the development of new composite
materials for AFR: bioactive composites
with antimicrobial/remineralizing ingre-
dients; strengthened composites, includ-
ing fiber-reinforced ones; fast-hardening
composites; and CM with higher adhesive
properties and increased crack resistance
to ensure operational survivability of the
material in the long term after AFR [1; 2].
An optimal balance of strength and vis-
cosity properties enables improving the
adhesion/marginal adaptation of CM to
hard dental tissues (HDT) and its handling
characteristics and ensuring the stability
of the obtained AFR results over time.

A modern trend in dental materials sci-
ence regarding AFR are technologies for
improving the physical and mechanical
properties of CM by thermal, vibration, or
mechanical activation of the material or
their combination [3; 4]. Furthermore,
modernization of AFR is progressing along
the path of creating new more advanced
adhesive and polymerization systems and
technologies for conditioning HDT before
filling [5; 6]. Notably, CMs are traditionally
in demand for replacing actual dentin or
cement defects. Experimental and clinical
studies [7] indicate that a separate group
of unfilled, high-flow composites with low
viscosity (low-viscosity resin) is used for
ultraconservative treatment of enamel
focal demineralization, used in combina-
tion with traditional restorative treatment
or teeth whitening [8; 9]. As an example of
such CM with low-viscosity properties, an
infiltrant is considered a classic and an
improved variant of caries infiltration
(C-I) using ICON technology (DMG,
Germany), which in experimental and
clinical conditions has demonstrated ad-
vantages compared to traditional remin-
eralizing therapy [10].
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The long-term functioning conditions
of CM in the oral cavity, which determine
the durability of restoration/infiltration of
HDT, are largely affected by the development
of the stress—strain state at the border of CM
and tooth tissues (enamel, dentin, cement).
The study of the patterns of multifactorial
(mechanical,  chemical,  biomechanical,
thermodynamic) biodegradation of infiltrat-
ing CM, simulating its behavior in dental tis-
sues during the long-term functioning of the
composite—enamel binary system in the oral
cavity, is theoretically significant and practi-
cally justified, however, such studies are few.
Testing equipment manufactured in other
countries (Willytec, MTC-simulator, etc.) de-
signed for these purposes are installed in
several large world-class biomaterials science
centers. Russian developments of such simu-
lation systems and equipment are warranted,
their bringing to ISO and GOST standards
for qualified testing of new dental materials
(including CM) and treatment and prophy-
lactic technologies.

This study aimed to analyze, in a series of
equivalent cyclic tests, the stress—strain state
of demineralized tooth enamel after its im-
pregnation with a low-viscosity composite in
a long period of functioning in the oral cavity
and correlate the experiment results with
clinical cases of the treatment of enamel car-
ies using a modified infiltration technique.

MATERIALS AND METHODS

Experimental and clinical studies were
approved by the local ethical committee
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and conducted at the Department of
Therapeutic Dentistry and Propaedeutics of
Dental Diseases, EA. Wagner Perm State
Medical University of the Ministry of Health
of Russia, and Department of General Phys-
ics, Perm State National Research University,
in specialized laboratories of “ODK-STAR”
(Perm). Forty premolars removed with an
intact crown and root according to indica-
tions were selected, on which enamel caries
was modeled using the original method'
(ICDAS code 1, 2), confirming its compli-
ance with the data of microcomputed to-
mography, atomic force microscopy (AFM),
and scanning electron microscopy. The
teeth were randomly distributed into two
equal groups: the main group (the classical
C-I technique was modeled on teeth with
artificial caries) and comparison group,
where artificial enamel caries on teeth was
“treated” using a two-stage method, includ-
ing the stages of impregnation of the dem-
ineralization focus with a composite with
exposure to enamel conditioning increased
to 4 minutes and of coating the impreg-
nated enamel with a layer of bioactive hy-
brid glass ionomer”,

To study the patterns of biodegrada-
tion of demineralized tooth enamel im-

"0S. Gileva, MA. Muravyova, ES. Gileva, V.A. Valtsi-
fer, and AL Nechaev, A Method for Modeling a Focus of
Tooth Enamel Demineralization, Patent for invention RU
2503067 C1, 12/27/2013, application no. 2012147965/14;
dated November 12, 2012.

* 0S. Gileva, MA. Shakulya, AD. Levitskaya, E.S. Syut-
kina, and EV. Serebrennikova, Method for Treating Focal
Demineralization of Tooth Enamel, Patent for invention RU
2571334 Cl, 12/20/2015, application no. 2014146961/14
dated November 21, 2014.
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pregnated with low-viscosity CM using the
classical and combined C-I methods we
developed, the study used a new Russian-
made simulation complex of qualification
equipment for conducting tribological tests
of dental materials and technologies, devel-
oped jointly with engineering specialists’.

In measuring nanodisplacements in in-
filtrated enamel and its microdeformations
during equivalent cyclic tests of materials,
the laser holographic interferometry (LHI)
method with a counter-directional action
scheme with double exposure was used, syn-
chronized with the analysis of the enamel
surface using AFM and calculation of
its quantitative parameters to identify micro-
cracks, ruptures, etc. in the material interface
zone [11]. The hologram after each cycle of
cyclic tests was compared to the original.

RESULTS AND DISCUSSION

Based on the results of cyclic tests of
teeth of the main group, where enamel car-
ies was treated according to the classical C-I

* AD. Levitskaya, O.S. Gileva, A Device for Producing
a Damping Replica of the Occlusal Surface of a Tooth in
vitro for Conducting Cyclic Tests of the Tooth for Axial
Compression. Utility model patent RU 191943 Ul,
08/28/2019. Application no. 2018145620 dated December
20, 2018. A.D. Levitskaya, O.S. Gileva, A Device for Bonding
a Tooth in vitro to Conduct Cyclic Testing of a Tooth for
Axial Compression. Utility model patent RU 190383 Ul,
06/28,/2019, application no. 2018145617 dated December
20, 2018. AD. Levitskaya, O.S. Gileva, In vitro Tooth Cen-
tering Device for Cyclic Axial Compression Testing of
Teeth. Utility model patent RU 191894 U1, 08/26/2019
application no. 2018145619 dated December 20, 2018.
AD. Levitskaya, O.S. Gileva, A Device for Performing Cyclic
Tests of Teeth in vitro for Axial Compression, Patent for
invention RU 2704208 C1, 10/24/2019, application no.
2018145123 dated December 18, 2018,

method following manufacturer recom-
mendations, after 0.9 x 10° cycles, equiva-
lent to 9 months of functioning of the
treated tooth as part of the dentofacial sys-
tem, microcracks with branches (thinning)
were determined in 11.2 % of cases using
the LHI method synchronously with AFM
analysis of the enamel surface at the border
of healthy and impregnated enamel. After
1.2+ 10° cycles (equivalent to 1 year post-
treatment), the proportion of detected
cracks in the enamel increased to 55.5 %. At
similar stages of equivalent cyclic tests, cot-
responding to 9- and 12-month follow-ups,
on the surface of the tested teeth samples
treated under experimental conditions ac-
cording to the original two-stage method
(impregnation with a low-viscosity compos-
ite followed by coating with a hybrid glass
ionomer), microcracks or other defects
were not detected in the cases, and the
marginal adhesion of the impregnation
zone to the apparently intact enamel was
not disturbed. Moreover, after 60 minutes of
testing (equivalent to a 3-year “operation”
in the oral cavity of enamel impregnated
with a composite), the first signs of mi-
crodeformation of its surface layers (an in-
crease in the curvature of interference
fringes) were observed; however, even at
this stage, delaminations and microcracks in
border areas of enamel were not noted. Dis-
turbances in the deformation of enamel
infiltrated with a composite using the clas-
sical method, identified under experimental
conditions, corresponded to the cases of
development of secondary caries, visible
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linear defects, and violations of the mar-
ginal adaptation of the composite in the
thickness of the enamel in the long-term
follow-up in 23.9 % of 67 patients with fo-
cal demineralization of enamel (12.18
months post-treatment). The experimental
assessment results of the “functional surviv-
ability” of a special structurally heterogene-
ous environment (demineralized enamel
impregnated with a composite, laminated
with a layer of bioactive glass ionomer) in
the tested samples of the comparison group
corresponded to the data of clinical cases
(no signs of secondary/recurrent caries for
1.5 years after treatment) and isolated cases
of the appearance of defects (violations of
border adaptation) on the enamel surface
after 18 months of monitoring,

Notably, based on the test results, the
Russian-made simulation system of equiva-
lent cyclic tests of tested samples used in
this study has demonstrated high qualifica-
tion characteristics, which is characterized
by the originality of design solutions,
methods for assessing the performance
characteristics of tested samples, ap-
proaches to regulating the rate of load in-
crease, choice of temperature conditions,
and methods of maintaining liquid homeo-
stasis with artificial saliva of the original
composition, which bring in vitro experi-
ments as close as possible to the real con-
ditions of long-term functioning of teeth
in the oral cavity.

The analysis of the stress—strain state in
the process of tribological tests is tradition-
ally performed by methods of strain gaug-
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ing, photoelasticity, and digital dynamic
spectrum photography or using mathemati-
cal models. The use of the LHI method for
these purposes was demonstrated by the
novelty of the approach and good results
regarding objectivity and reproducibility of
the results obtained and clarity of their
presentation. Thus, the physical knowledge
obtained from the results of equivalent
clinical trials enabled for determining the
critical periods, “foci,” and types of defor-
mations in demineralized enamel before
and after various treatment techniques.
New data on the patterns of biodegradation
of composite material in the composition of
demineralized enamel were obtained, which
confirmed the correctness of the chosen
ultraconservative approach to its treatment
based on impregnation of the affected areas
of enamel with a flowable composite with
prolonged preliminary conditioning stage
and subsequent finishing lamination of in-
filtrated and perifocal enamel with a bioac-
tive glass ionomer.

CONCLUSIONS

1. Equivalent cyclic tests of samples of
teeth with enamel caries treated using the
classical method of caries infiltration show
the clinically high (23.9 %) incidence of
complications in the form of secondary car-
ies 1-1.5 years after treatment. This is ex-
perimentally confirmed by the appearance
of microcracks in 55.5 % of the tested sam-
ples at a time period corresponding to
12 months of functioning in the oral cavity.
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2. The advantages of a two-stage (im-
pregnation with a composite with a prolonged
conditioning stage and subsequent coating
with a bioactive glass ionomer) method of
treating enamel caries are confirmed by ex-
perimental studies (the appearance of the first
signs of microdeformations of the enamel sut-
face after 18-month follow-up).
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