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This systematic review was aimed to evaluate occurrence of secondary caries and marginal adaptation
in ion-releasing materials versus resin composite. Electronic search of PubMed, Scopus, and Open Grey
databases with no date or language restrictions until May 21st, 2021, was conducted. Randomized
clinical trials that compared ion-releasing restorations versus resin composite were included. For
quantitative analysis, a random-effects meta-analysis with risk difference as an effect measure

and a 95% confidence interval was used. Quality of evidence was assessed using The Grading of
Recommendations, Assessment, Development, and Evaluation criteria. The risk of bias was evaluated
using the Cochran Collaboration Risk of Bias tool. The inclusion criteria were met by 22 studies, and 10
studies were included in the meta-analysis. Three follow-up periods (1 year, 18 months-2 years, and

3 years) were evaluated. The overall quality of evidence for secondary caries and marginal adaptation
outcomes was low. The results of the meta-analysis showed no significant difference (p>0.05) in both
outcomes between ion-releasing materials and resin composite. The occurrence of secondary caries
was not dependent on the nature of the restorative material. It is more likely a complex process that
involves the same risk factors as primary carious lesions.

Over the last decade, remarkable advances in resin composite formulations have been made to address clinical
challenges. Bulk-placement techniques, new filler formulations, and simplified adhesion protocols have resulted
in a more user-friendly application'?. However, the clinical problems of technique sensitivity, polymerization
shrinkage, and lack of antibacterial properties remained unchanged®= and similarly, the main reasons for its
failure remain to be secondary caries and bulk fractures'®.

Secondary caries can be defined as caries lesions at the margins of existing restorations’ or caries associated
with restorations or sealants (CARS) (secondary caries and caries around restorations are used synonymously in
this review)®’. The complexity of caries around restorations is related to its multifactorial origin, combining the
pathological pathway of primary carious lesions with the influence of the formulations of different restorative
materials’. It has been reported that thicker biofilms accumulate around resin composite than glass ionomer
restorations!’. In vivo plaque studies have also shown that the levels of lactic acid-producing bacteria are sig-
nificantly higher around resin composite restorations than on either amalgam or glass ionomer restorations!!2.
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Therefore, fluoride-releasing materials that possess remineralization and/or antibacterial properties have gained
popularity in recent years'® with the hope of preventing secondary caries formation.

Conventional glass ionomer cement (GICs) and its evolutions such as: high-viscosity glass ionomer (HV-
GIC), resin-modified glass ionomer (RMGIC), and compomers are the most frequently used fluoride-releasing
restorative materials. An inherent disadvantage of GIC is its low fracture toughness, which limits its clinical
applications to low load-bearing areas such as the buccal and lingual surfaces. Nevertheless, increasing the
powder-liquid ratio, and modifications in its chemical composition have shown to lead to improved physical
properties and prolonged clinical survival''>.

Modified versions of the conventionally set GIC such as HV-GIC were introduced with the hope of extend-
ing the indications of GIC to include load-bearing areas on posterior teeth to provide an alternative for patients
with limited resources'¢'®. Promising 10-years clinical results have recently emerged for HV-GIC used in class
I and II restorations, where no restoration had to be replaced due to unacceptable clinical wear'. In addition to
HV-GIC, glass hybrid materials such as Equia Forte were introduced in 2015. According to the manufacturer,
these materials are modified with highly reactive glass particles of different sizes to significantly increase their
mechanical properties?®?..

Nonetheless, the clinical indications of GIC and its evolutions in multiple-surface restorations in the stress-
bearing posterior regions of the mouth are still limited due to their poor fracture toughness, tensile strength,
wear resistance, and hardness. A recent systematic review reported that the annual failure rates of approximal
or multi-surface GIC restorations were greater than those of single-surface occlusal restorations®. A solution to
counteract this limitation of GIC is to incorporate resin composite restorations (which have superior mechanical
properties than GIC) with reactive fillers that can protect the tooth against secondary caries®*. Up to press date,
there are several new commercially available ion-releasing composites with claimed bioactivity such as ACTTVA™
BioACTIVE-RESTORATIVE™ (Pulpdent Corporation, Watertown, MA, USA), Cention N (Ivoclar Vivadent,
Schaan, Liechtenstein), and Surefil one (Dentsply Sirona). These materials are relatively recent additions to the
realm of ion-releasing materials, that are claimed by their respective manufacturer, to release sufficient amounts
of ions other than fluoride to promote remineralization?*~* around restorations. Tiskaya et al. %, reported sig-
nificant release of AlI** and Ca?* ions from Cention N and Activa Bioactive in acidic media of pH 4, which in
turn indicate an ability to protect against secondary caries.

Clinical investigations regarding their ability to inhibit caries around restorations are scarce in the current
literature. While in vitro studies have shown that fluoride-releasing restorative materials such as GICs can inhibit
tooth demineralization adjacent to restoration margins®®-*, the caries inhibitory effect of these new ion-releasing
materials remains unclear. Therefore, this systematic review and meta-analysis were aimed to answer the follow-
ing question: Is there a difference in the occurrence of secondary caries and marginal adaptation in ion-releasing
restorations compared to resin composite?

Materials and methods
The recommendation of the preferred reporting items for systematic reviews and meta-analysis (PRISMA) were
followed in this review®"*2.

Eligibility criteria and PICO question. The research question was as follows: Is there a difference in the
incidence secondary caries and marginal adaptation in ion-releasing restorations compared to resin composite?
The following PICO questions were established:

® Population: patients with permanent dentition in need of restorations.

e Intervention: ion-releasing restorations. From here forth, the term ‘ion-releasing’ will be used in this article
to encompass fluoride and all other ion-releasing materials. All GIC derivatives including (RMGIC, HV-GIC,
conventional GIC, and glass hybrid), polyacid-modified composite (compomer), giomer, and any material
stated by the manufacturer to be capable of ion-release will be in the intervention group.

e Comparison: the intervention should be compared with a resin composite restoration applied in conjunction
with any adhesive system.

® Outcomes: caries around restorations and marginal adaptation.

Inclusion criteria.

1. Randomized clinical trials in patients with permanent dentition comparing an ion-releasing material to resin
composite in any form of cavities (Black’s Class I, II, V) and non-carious cervical lesions (NCCLs).

Parallel or split-mouth studies.

A minimum follow-up period of 1 year.

Evaluation criteria: FDI criteria and/or USPHS.

The investigated materials must be commercially available. Any study investigating discontinued products
was excluded.

A

Exclusion criteria.

1. Editorial letters, pilot studies, historical reviews, literature reviews, systematic reviews, in vitro studies,
cohort, observational and descriptive studies, such as case reports and case series.
2. Randomized clinical trials were excluded if.

Scientific Reports |

(2022) 12:19244 | https://doi.org/10.1038/s41598-022-19622-6 nature portfolio



www.nature.com/scientificreports/

a. lon-releasing materials were compared to each other with no resin composite restoration as a reference
for comparison.
Restorations were done on primary teeth,

c. The follow-up period was less than 1 year.

Information source and search strategy. An electronic search within the following databases (Medline
via PubMed and Scopus) was conducted until May 21st, 2021. Grey literature was searched through the Open
Grey database http://www.opengrey.eu/.

The following keywords were used in the electronic search: “FDI criteria AND randomized clinical trial’,
“modified USPHS criteria AND randomized clinical trials”, “Secondary caries OR caries adjacent to restorations
and randomized clinical trials”, “marginal adaptation and randomized clinical trial”, “ion releasing restorations
OR bioactive resin composite OR bio interactive restorations AND clinical trials”. To identify ongoing clinical
trials, we also searched the ClinicalTrials.gov website. The outcome of the search among the abovementioned
databases was comprehensively checked and duplicated results was excluded.

To minimize publication bias, no language or publication date restrictions were applied. Two reviewers (E.H.
and H.H.) independently extracted data and assessed their eligibility and risk of bias. Any disagreements were
resolved by consulting a third reviewer (H.C.).

Study selection and assessment of eligibility. According to the search strategy, assessment of the
eligibility of trials was performed by the two reviewers according to the relevance of the title. Abstracts of studies
that could not be excluded based on the title were retrieved and evaluated. At the final stage of evaluation, full
texts were assessed to determine if they met the predetermined inclusion criteria. The included studies received
an identification code composed of the first author’s last name and the year of publication.

Two reviewers extracted data from included studies such as the number of patients and restorations per
group, intervention, and comparator, follow-up period, study design, evaluation criteria, adhesive strategy, cavity
design, isolation technique, patient’s age, settings, and location of data collection. In studies that reported multiple
follow-up periods, data from the longest follow-up were extracted. If more than one type of resin composite was
used, the data were combined into a single entry. For ion-releasing restorations, GIC-based restorations (HVGIC,
glass hybrid, and RMGIC) were combined into a single entry and compomer restorations were pooled together.

Assessment of risk of bias.  The Risk of Bias (RoB) of the included studies was assessed using the Cochrane
Collaboration Risk of Bias Tool (version 2.0) for RCTs**. The six domains of the RoB Tool are assessment of
random sequence generation, allocation concealment, blinding of participants and personnel, blinding of the
outcome assessors, incomplete outcome data (attrition bias), selective outcome reporting, and other sources of
bias. In this study, the other sources of bias domain was not included. Each entry received a judgment of low,
unclear, or high risk of bias. At the study level, a study was considered at low risk of bias if all 5 domains of the
RoB tool for each outcome were at low risk of bias. If one or more domains were judged to have unclear risk,
the study was judged to have unclear risk. If at least one item was considered at high risk of bias, the study was
considered to have a high risk of bias.

Assessment of quality of evidence. The confidence in evidence was evaluated using the Grading of
Recommendations Assessment, Development, and Evaluation (GRADE)**. According to GRADE, the body of
evidence can be rated as high, moderate, low, or very low. The GRADE pro-Guideline Development Tool (www.
gradepro.org) was used to create a summary-of-findings table.

The strength of cumulative evidence was assessed based on, the risk of bias, inconsistencies, indirectness,
imprecision, and publication bias. The data were summarized in the summary of findings (Table 2). The qual-
ity of evidence for the first 4 domains may be downgraded by 1, 2, or 3 levels based on “serious or very serious
risks. Publication bias may either be suspected or undetected. In the case of suspected bias, downgrading by 2
levels was made®>.

Synthesis of data. Data were analysed using Revman 5.4 (Review Manager Version 5.4, The Cochrane
Collaboration, Copenhagen, Denmark). Data from included studies were either dichotomous for the “Second-
ary Caries” outcome measure or ordinal for the “Marginal Adaptation” outcome measure. Marginal adaptation
data were dichotomized to NO representing Alpha and Bravo scores of the modified USPHS criteria, and scores
1 and 2 of the FDI criteria, or YES corresponding to Charlie and Delta scores of the modified USPHS criteria,
and 3, 4, and 5 scores of the FDI criteria. Risk differences as an effect measure with 95% confidence intervals
and random effects model were employed. Heterogeneity was evaluated using the Q test and I” statistics, where
25%, 50%, and 75% represent low, moderate heterogeneity, and high heterogeneity respectively. For both the
outcomes (secondary caries and marginal adaptation), data from 3 follow-up periods were included, i.e., 1 year,
18 months—2 years, and 3 years. For secondary caries outcome, two analyses were performed, one with all types
of cavities, and one for load-bearing cavities.

Results

Search details. The initial search in the databases resulted in 3744 studies being identified after dupli-
cates exclusion. After title screening, 3584 articles were excluded, and the remaining 160 abstracts were further
assessed for eligibility. Articles that had multiple reports corresponding to different follow-up periods were com-
bined into a single entry and the data of the longest follow-up were included in this study. This process culmi-
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Figure 1. Prisma flow chart of the study selection process.

nated in 39 studies that were to be progressed to full-text analysis. Subsequent full-text analysis of these studies
resulted in 22 studies that met the inclusion criteria (Fig. 1).

Risk of bias evaluation. Overall, 3 studies were deemed to have a low risk of bias!>*"3, 3 studies showed?*~*!
unclear risk of bias while the remaining 16 studies had a high risk of bias. Seven studies'”**~*” did not report
random sequence generation, while 50% of the included studies reported allocation concealment. Performance
bias was unclear in the majority of studies (16 out of 22), while outcome assessment was blinded in all studies
except for 3*4%% No attrition bias was noticed in any of the included studies except for one*, which did not
adequately report the number of dropouts (Fig. 2).
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Included studies characteristics. The characteristics and methodological assessment of the 22 included
studies are summarized in Table 1. In 15 of the included studies'®!%373841-4446-4850-53 "gplit-mouth design was
employed while 7 studies reported a parallel study design!794045495455 Most of the studies employed the modi-
fied USPHS criteria for restorations evaluation except for 4 studies'®!”***! that used FDI criteria. One study*
used the McComb et al,, criteria®. Five studies used HV-GIC'®'”1%3%%° Two studies used glass hybrid***'. Resin-
modified glass ionomer was used in 9 studies®”#1-#34550:523457 'while 2 studies used conventional GIC****. Com-
pomer (poly-acid modified composite) was used in 7 studies*>**~*%3%, Most of the studies used nano- or micro-
hybrid composite. Bulk-fill composite was used in one study®. Nano-filled composite was used in 2 studies***
while one study used micro-filled composite**. Most follow-up periods ranged between 2 and 3 years. Long-
term follow-up was reported in 2 studies'*’ which had a follow-up period of 10 and 7 years respectively. One
study*! was terminated after 1 year due to an unacceptable failure rate. Class II cavities were reported in 7
studies!???41474%51 Class I cavities were evaluated in 3 studies 17'**!. Non-carious cervical lesions were evaluated
in 11 studies!®?842:44-46:4850.525357 Class V carious lesions were evaluated in 4 studies®”***** For HV-GIC, glass
hybrid, and conventional GIC, Cavity conditioner of poly-acrylic acid was used in all studies except 2 which did
not report any type of pre-treatment®®>’. For RMGIC, 2 studies used 37% phosphoric acid etching for 5 s*41.
Two studies used Vitremer primer*>*? while another study used GC cavity conditioner for RMGIC, and Ketac
nano primer for nano-filled RMGIC***". For Compomer, 5 studies used self-etch adhesive (SE)**4>46:4854 while
2 studies used etch-and-rinse adhesive (ER)**.

For resin composite,8 studies used ER adhesive system!®3742-45:473257 while 9 studies used SE
adhesives!7194041:464850.5L54 Tyyo studies used a universal adhesive in selective etch mode®**, 1 in SE mode®,
and 1 in ER mode®. For moisture control, cotton rolls and saliva ejectors were reported in the majority of studies
except for 3 studies that used rubber dam isolation**">2,

Patients in all studies had no systemic diseases except two*>>*. In one study>?, patients were required to have
at least one systemic disease and the other one* included subjects who were xerostomic, head and neck, cancer
patients who received radiation therapy. Ten studies!®!%7-341:49-5153 were published in the years (2018-2020) with
6in 2020, 3 in 2019, and 1 in 2018. No studies were identified from January to May of 2021. Five studies!74%43327
were published between 2010 and 2014. Seven studies*>*-*3>* were published before 2010.

Descriptive analysis. Studies that reported secondary caries and marginal adaptation in different follow-
up periods were included in the meta-analysis (Figs. 3, 4, 5). For secondary caries outcome for all types of
cavities, the meta-analysis was grouped as follows: ion releasing materials (GIC) vs resin composite (RC) with
the following 3 follow-up periods, i. e. 1 year, 18-24 months, and 3 years. For secondary caries in load-bearing
cavities, ion-releasing material (GIC and compomer) vs resin composite, and data were extracted from the last
follow-up.

The difference in the number of studies in each follow-up is attributed to whether the outcome was reported
by the authors. For marginal adaptation outcome, GIC vs resin composite comparison was evaluated at the same 3
follow-up periods. secondary caries was not reported in all studies that compared compomer and resin composite
at different follow-up periods. Therefore, no meta-analysis was performed for compomer vs resin composite
comparison. Out of a total of 1448 GIC restorations, only 15 showed secondary caries with a percentage of 0.8%.
Similarly, 16 composite restorations failed due to caries out of 1637 with a percentage of 0.9%. In all studies that
compared compomer and resin composite, no occurrence of secondary caries was observed over the follow-up
periods which ranged between 2 and 3 years.

Meta-analysis. Secondary caries. The risk difference for the comparison between GIC and RC for the
1-year and18 month-2 years follow-up periods was -0.00 with 95% CI between [-0.1-0.01]. The 3-year follow-
up risk difference was 0.00 with 95% CI between [-0.2-0.02] with no occurrence of secondary caries in both
arms. There was no statistically significant difference (P=0.61) between GIC and RC in secondary caries devel-
opment at any of the follow-up periods. For a total of 1448 GIC restorations, 15 failed due to secondary caries,
in comparison with 16 out of 1637 composite restorations. Overall heterogeneity was low with I*=0%. (Fig. 3).
For secondary caries in load-bearing cavities, the risk difference was 0.0 with 95% CI between [-0.01-0.02].
No statistically significant difference (P=0.77) was found between ion-releasing material and secondary caries.

Marginal adaptation. The risk difference for the 1-year follow-up was 0.0.1 with 95% CI between [-0.02-0.03].
Heterogeneity was high with an I2=75%. No statistically significant difference (p ~ 0.5) was found between the 2
materials. At 18 months-2 years follow-up, the risk difference was 0.03 with 95% CI between [—0.02-0.08]. Het-
erogeneity was high with an I?=94%. At the 3-year follow-up, the risk difference was 0.00 with 95%CI between
[-0.02-0.02]. Heterogeneity was low with an I*=0%.

The overall risk difference was 0.01 with 95%CI between [—0.01-0.03]. Out of a total of 1255 GIC restora-
tions, 78 showed unacceptable marginal adaptation compared to 16 out of 1470 RC restorations. No statistically
significant difference was found between the 2 materials. Overall heterogeneity was high with an I12=84%. (Fig. 4).

GRADE quality of evidence. ~Assessment of the quality of evidence for secondary caries and marginal adapta-
tion outcomes for the 3 follow-up periods (1 year, 18-24 months, and 3 years) was low. This finding suggests
that the confidence in the effect estimate is limited, and that further research is likely to have an impact on the
confidence of the estimate of effect (Table 2).
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16. Patient’s
15. Adhesive | age
11. Cavity 12. Gingival 14. Adhesive | technique/ Mean+SD
10. BlacK’s design and margin location/ | 13. Moisture | technique/ Ion-releasing | [Range], in
Study ID classification | size enamel bevel control Composite material years
Cotton rolls, .
. . > Optibond .
Celik et al.'® Class V Wedge or Dentine/no bevel retraction cord, FLY/a 3-step quyaacryhc 47.8 +nr34-6?
(NCCL) saucer-shaped and a saliva ER acid
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i - _ aj1. : .
Diemetall” | ClassI Adheswe €av- | o bevel Cotton rolls G-bond */1 quyacryhc gcclusal caries
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Van Dijken Class V (cari- . . CottonArolls Xeno III¢/1- | Xeno IIT¢/1- | 61.5£n.
2 Non-retentive | Dentine/no bevel | and saliva suc- 40,4383
etal. ous) . . step SE step SE %
tion device
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ctals (NCCL) Non-retentive | n.r/no bevel Cotton rolls ER 2cid condi- 48.7tn.r
tioner with
Fuji LC
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etal® ous) ratioZl prep . d/3-step ER acid ? neck cancer
patients
Santiago Class V . Excite ¢/2-step | Vitremer 18-50
ctal® (NCCL) Non-retentive | Enamel/no bevel | Rubber dam ER Primer ® Nor
. . Cotton rolls
Pollington Class V . Enamel + dentine/ . Prompt L-Pop | Prompt L-Pop
etal®® (NCCL) Non-retentive | | 4 o el ?ir;ihlgh suc- by 1-step b/1-step 54 [N
Class V Cotton rolls Clearfil Clearfil
Tiirkiin et al.* (NCCL) Non-retentive | No bevel and retraction | protect ¥/2- protect ¥/2- 44 5
cord step SE step SE
. . 1. Single Bond
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eve step 2. F 2000 */SE
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5 Class V . Enamel + dentine/ | Cotton rolls Scotchbond R ~
45 b 27-63
Onal et al. (NCCL) Non-retentive no bevel and suction b/3-step ER irlmer Nor
. Cotton rolls . .
Brackett Class V . Enamel + dentine/ N Single Bond Polyacrylic 28-72
ctal® (NCCL) Non-retentive or i:fldretractlon b/3 step ER acid ® 47 £n.r
Conventional Cotton rolls Prime and Prime and
Waucher et al.” | Class 1T desion N.r/no bevels and saliva Bond 2.1¢/2- | Bond2.1%/2- | N.r >
§ ejector step ER step ER
Folwaczn Class v Enamel + dentine/ Syntac ©/3- PSA Dyract
o Y (carious and | Non-retentive Cotton rolls Y N Y N.r 26766
etal. NCCL) bevel step ER /2-step SE

Table 1. Characteristics of the included studies. a: GC,Tokyo, Japan, b: 3 M. c: Heraeus Kulzer, Ha-nau,
Germany. d: Kerr—Sybron Gmbh, Karlsruhe, Germany. e: Dentsply,Konstanz, Germany. C: Vivadent, Schaan,
Liechtenstein), f: Pulpdent, Watertown, MA, USA). j: SDI, Bayswater, Australia). y: Kuraray; Osaka, Japan).

k: Joinville, Brazil. n.r: not reported. ER: Etch-and-rinse. SE: Self-etch. ART: atraumatic restorative technique.
RC: resin composite.

Discussion

This systematic review discussed the occurrence of secondary caries in ion-releasing materials versus resin com-
posite. Glass ionomer and its derivatives are the most clinically reported ion-releasing materials. Compomer was
less frequently used. The results of the meta-analysis showed no significant difference between the secondary
caries in resin composite and all derivatives of GIC.

Secondary caries is influenced by several factors with the most frequent ones being: the location of the lesion
(cervical, proximal, or occlusal), patient’s caries risk, age, and socioeconomic status, operator’s skills variation,
and detection methods and criteria®®. The majority of studies included in this review were conducted in university
settings with trained operators and under standardized conditions with patients who demonstrated moderate
oral hygiene. This could explain the low number of events. Secondary caries was found to be more frequent in
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GIC RC Risk Difference Risk Difference
Study or Subgroup Events Total Events Total Weight M.H, Random, 95% CI M.H, Random, 95% CI
1.1.1 1 year follow up
Balkaya and Arsian, 2020 0 32 0 1 19% 0.00 [10.05,0.05) - B
Celiketal, 2019 0 63 0 67 456% 0.00[0.03,003 a0
De Moor et al, 2011 4 56 5 28 02% -0.11 [-0.26, 0.05) —1
Gurgan etal, 2020 0 69 0 68 52% 0.00[003,003] 2 i
Jassaletal, 2018 o0 90 0 181 141% 000002002 1
Koc Vural etal |, 2020 a 0 57 0 58 3% 0.00 [-0.03,0.03) -
Koc Vural etal, 2020 b 0 82 0 52 30% 0.00[0.04,004) T
Menezes-Silva etal, 2019 2 n 0 T4 19% 003[0.02,007] i
Mileti€ et al,, 2020 0 162 1 162 142% -0.01 [-0.02,0.01) s
Ozetal, 2020 0 59 0 62 40% 0.00 [-0.03,003] o
Perdigdo et al, 2012 0 5 2 27 03% -0.07 [-0.18,0.03] =T
Santiago et al, 2010 0 35 0 30 12% 0.00 [-0.06, 0.06] g
Subtotal (95% CI) 797 880 54.3% 40,00 [-0.01,0.01)
Total events 6 8

Heterogeneity Tau*=0.00, ChP=5695,df=11 (P=0.80), F=0%
Testfor overall effect Z=032(P=0.75)

1.1.2 18 months to 2 year follow up

Balkaya and Arslan, 2020 L 3 0 63 09% 0.00F0.07,007] 2
Celiketal, 2019 0 52 0 37 33% 000 [0.04,004) T
De Moor et al,, 2011 9 54 T 27 01% -00910.29,010) S——rr—
Jassaletal, 2018 0 9 0 178 140% 0.000.02,002] 1
KocVuraletal , 2020 a 0 53 0 57 33% 0.00[-0.03,003] y
Koc Vural etal, 2020 b o 47 0 43 23% 0.00 [-0.04,004) g B
Miletic et al, 2020 0 143 1 143 111% -0.01 0.03, 0.01) 9
Santiago et al, 2010 0 3 0 26 10% 0.00 [-0.08, 0.06] o o
Subtotal (95% CI) 493 594  36.0% 0,00 [-0.01,0.01)

Total events 9 8

Heterogeneity. Tau®= 000, Ch"= 242 df=7 (P=093),P=0%

Testfor overall effect Z= 045 (P =069%)

1.1.3 Three.year folllow up

Celiketal, 2019 0 47 0 54 28% 0,00 [-0.04,0.04] T
Gurgan et al, 2020 0 64 0 66 45% 0.00[0.03,003] 1
Koc Vural etal, 2020 b 0 47 0 43 23% 0.00 -0.04, 0.04) 7
Subtotal (95% CI) 158 163 9.7% 0.00 [.0.02, 0.02) (
Total events 0 0

Heterogeneity. Tau*= 000, Ch#=000,df=2(P=1.00),F=0%

Test for overall effect Z= 0.00 (P = 1.00)

Total (95% CI) 1448 1637 100.0% -0.00 [-0.01, 0.00]

Total events 15 16

Heterogenelty. Tau*= 0.00; Chi*= 9.05, df= 22 (P= 0.99), = 0% f‘ _045 5 045 15

Testfor overall effect Z= 051 (P=0.61)
Test for subaroup differences: Chi*= 0.05, df= 2 (P = 098). F= 0%

Favours GIC Favours RC

Figure 3. Forest plot of comparison: Ion releasing restoration (GIC) versus resin composite, outcome: 1.1
Secondary caries for all types of cavities.

lon-releasing material RC Risk Difference Risk Difference
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Mileti¢ et al., 2020 143 1 143 50.2% -0.01 [-0.03, 0.01]
Diem etal., 2014 134 1 64 137% -0.00 [-0.04, 0.04]

1}

2
Wucher et al., 2002 1} 20 i} 20 2.2% 0.00 [-0.09, 0.09]
Balkaya and Arslan, 2020 0 2 0 63 42% 0.00 [-0.07, 0.07]
Gurgan etal., 2020 1} 64 0 B6  21.0% 0.00[0.03,0.03]
Menezes-Silva etal., 2019 2 7 i} 74 8.7% 0.03 [0.02,0.07]
Total (95% CI) 453 430 100.0% -0.00 [-0.01, 0.01]
Total events 4 2

Heterogeneity: Tau®=0.00; Chi*= 217, df=5(P=082), F=0% 5_1 -D}S b IJIS 1
Test for overall effect: Z= 017 (P=0.87) : .

Favours ion-releasing Favours composite
Figure 4. Forest plot of comparison: Ion releasing restoration versus resin composite, outcome: 1.2 Secondary
caries for load-bearing cavities.

practice-based settings’. This could be attributed to the technique sensitivity of composite placement that requires
highly skilled and calibrated operators which is often the case in university settings®. Regarding operative pro-
cedures, the majority of studies in this review used cotton rolls and saliva ejectors for moisture control while
only 3 studies reported rubber dam isolation. Previous literature reported no significant difference between the
survival of composite restorations performed under either of the isolation protocols®.
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GIC RC Risk Difference Risk Difference
Study or Subgroup Events Total Events Total Weight M.H, Random, 95% CI M-H, Random, 95% C1
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Gurgan etal, 2020 0 68 0 68 64% 0.00 [-0.03,0.03)
Jassaletal, 2018 0 a0 1 13 70% -0.01 [0.03,0.01)
Koc Vural etal , 2020 a 0 57 0 58 60% 0.00 -0.03,003)
Koc Vural etal, 2020 b 0 52 0 52 58% 0.00 [-0.04, 0.04)
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Ozetal, 2020 0 59 0 62 62% 0.00[003,003)
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Testfor overall effect Z=051 (P=061)

1.2.2 18 months to 2 year follow up
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Subtotal (95% CI) 459 559  34.2% 0.03 [.0.02, 0.08)

Total events 48 10
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Total (95% CI) 1255 1470 100.0% 0.01[-0.01,0.03]

Total events 78 16
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Test for overall effect Z= 088 (P = 0.38)

Test for subaroup differences: Chi*=111. df=2(P=057). "= 0%

Favours GIC Favours RC

Figure 5. Forest plot of comparison: Ion releasing restoration (GIC) versus resin composite, outcome: 1.3
marginal adaptation.

The location of the lesion is an important factor that could explain the generally low incidence of events.
Around 45% of the included studies involved NCCL which are less affected by secondary caries than posterior
occlusal and proximal cavities®. Secondary caries is reported to be more frequent with deep proximal restora-
tions with gingival margins extending beyond the cementoenamel junction with dentine and cementum as the
substrate®®, Furthermore, the placement of such restorations is highly technique sensitive and isolation in every
restorative step cannot be strictly followed’.

The Patient’s caries susceptibility is crucial in secondary caries development, as primary caries and secondary
caries are inherently the same diseases and consequently patients with high caries risk are more suspectable to
secondary caries®. The findings of this review were based on the results of studies performed on a population
of healthy individuals with good to moderate oral hygiene and with no debilitating conditions. One exception
is the study by De Moor et al.}, in which the population was head and neck xerostomic cancer patients who
received radiation therapy. De Moor et al. #?, reported a significantly higher failure rate due to secondary caries
in resin composite restorations in comparison with conventional GIC. Nevertheless, the findings of this study
cannot be generalized as this population is highly specific. However, the difference in the performance of different
materials in populations with compromised oral health indicates that patient factors could be more influential
than the choice of material.

Adhesive strategy and interfacial gap formation were speculated to play a role in secondary caries develop-
ment. Gaps at the margins of restorations can permit bacterial invasion and biofilm accumulation along the
tooth/restoration interface®. However, until now there is no Conesus in the literature regarding the role of gaps
in secondary caries development. In a study by Kidd et al.,”®, it was suggested that microleakage cannot solely
induce active demineralization beneath a restoration, only when bacterial invasion takes place at the composite-
restoration interface, the size of the gap becomes pertinent.

The durability of the adhesive interface is critical for the survival of resin composite restorations, especially
with dentin margins. Several attempts have been made to increase the durability of adhesives to dentine including
using MMPs inhibitors, biomimetic remineralization, and increasing the hydrophobicity of the adhesive®®-®%. The
adhesion protocols in this systematic review varied between etch-and-rinse (9 studies) and self-etch adhesives
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Certainty assessment Summary of findings
Anticipated absolute
Study event rates (%) effects
Risk
difference
With Ion Risk with with Ion

Participants Overall Withresin | releasing Relative resin releasing

(studies) Publication | certainty of | composite | material effect (95% | composite | material

Follow up Risk of bias | Inconsistency | Indirectness | Imprecision | bias evidence restorations | (GIC) CI) restorations | (GIC)

Secondary caries—1-year follow-up
0 fewer per

. 1000

1677 (12 Serious® Not serious Not serious | Serious® none e200 8/880 (0.9%) | 6/797 (0.8%) Not esti- 9 per 1000 (from 10

RCTs) LOW mable
fewer to 10
more)

Secondary caries—18 months to 2 years follow-up
0 fewer per

. 1000

1087 LA . . . £ 0e) Not esti-

(8 RCTs) Serious Not serious Not serious | Serious none LOW 8/594 (1.3%) | 9/493 (1.8%) mable 13 per 1000 | (from 10
fewer to 10
more)

Secondary caries—Three-year follow-up
0 fewer per

. 1000

321 LA . ) L 00 Not esti-

(3 RCTs) Serious Not serious Not serious | Serious none LOW 0/163 (0.0%) | 0/158 (0.0%) mable 0 per 1000 (from 20
fewer to 20
more)

Marginal adaptation—One-Year follow-up
10 fewer per

. 1000

1386 LA . ) Lo 00 o | 307638 Not esti-

(9 RCTs) Serious Not serious Not serious | Serious none LOW 6/748 (0.8%) (4.7%) mable 8 per 1,000 (from 30
fewer to 20
more)

Marginal adaptation—18 months to 2 years follow-up
30 fewer per

. 1000

1018 LA ) ) o ' 00) 10/559 48/459 Not esti-

(7 RCTs) Serious Not serious Not serious | Serious none LOW (1.8%) (10.5%) mable 18 per 1,000 | (from 80
fewer to 20
more)

Marginal adaptation — Three-year follow-up
0 fewer per

. 1000

321 LA . . .3 OO0 Not esti-

(G RCTs) Serious Not serious Not serious | Serious none LOW 0/163 (0.0%) | 0/158 (0.0%) mable 0 per 1,000 (from 20
fewer to 20
more)

Table 2. Quality assessment of the included studies according to the GRADE tool. CI: Confidence interval.
A: most of the information is from studies with an unclear or high risk of bias. B: Control and intervention
arms had no events. High quality: We are very confident that the true effect lies close to that of the estimate
of the effect. Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to
be close to the estimate of the effect, but there is a possibility that it is substantially different. Low quality: Our
confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of
the effect. Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be
substantially different from the estimate of effect.

(8 studies), while 2 studies used universal adhesives in selective etch mode®**’, one in SE mode* and one in ER

mode®. The findings of this systematic review suggest that regarding secondary caries development, all adhesive
strategies performed similarly considering the low number of events. In a previous study that utilized a short-
term in vitro biofilm model®, the adhesive type affected carious lesion development and progression in gaps.
However, a recent systematic review and Network meta-analysis showed similar performance of all adhesive
strategies in preventing secondary caries”. It is worth mentioning that the impact of adhesive strategy/type on
secondary caries development was not assessed quantitatively in this review, considering the overall scarcity of
secondary caries occurrence in the included follow-up periods.

The short follow-up period (2-3 years) in the majority of studies might have contributed to an overall low
incidence of events. Longer-term follow-up clinical trials showed an increased reporting of secondary carious
lesions””2. According to the findings of a recent review®, the highest mean incidence of secondary caries devel-
opment was recorded after five years. Interestingly, the only long-term 10-year follow-up study for posterior
restorations (class I and II) in this review!, did not report failure due to secondary caries for composites and glass
ionomer restorations over the 10-year observational period. Furthermore, the detection methods and criteria of
evaluation might have played a role in reporting secondary caries. According to a systematic review by Brouwer
et al.”, only visual assessment would mean that 40% of secondary carious lesions will be missed, while 20% of
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sound surfaces will be misdiagnosed as carious. Until now, there is no clear consensus on what constitutes a
secondary carious lesion that requires intervention®’.

While the findings of in vitro studies’*”” reported a reduced risk of secondary caries in ion-releasing resto-
rations such as GICs and their derivatives, the relation between the restorative material and secondary caries
development is not clear in clinical settings. It is worth mentioning that clinical reporting in the form of ran-
domized clinical trials on the recently developed ion-releasing materials is still scarce. Developments such as
RMGIC with ionic resin matrix (Activa Bioactive) which is claimed to release ions in sufficient quantities to
induce remineralization and inhibit secondary caries have not been thoroughly evaluated. The short-term per-
formance was disappointing with an unacceptable failure rate due to the absence of an adhesive*'. (a protocol no
longer recommended by the manufacturer). Recent in vitro data regarding the ion-releasing Cention n showed
its ability to neutralize the acidic environment’®. However, no clinical evidence in the literature is available to
validate the laboratory data.

The quality of the interface between the tooth structure and the restoration can play a significant role in the
occurrence of secondary caries. While not the only route for secondary caries, the presence of a defective res-
toration margin can allow acidic fluids or biofilm to enter the interface via gaps. However, there is currently no
agreement on the role of microleakage in the development of caries near composites. Nonetheless, some in vivo
and in vitro studies suggest that the presence of a gap next to a composite restoration can result in the formation
of a "wall lesion.". The literature also suggests the presence of a correlation between the size of the gap and the
size of the dentinal wall lesions®*+77-7°,

The results of marginal adaptation between GIC derivatives showed comparable performance with resin
composite restorations with no significant difference between them. Marginal adaptation of restorations is highly
dependent on the quality of the adhesive interface®*?!. Traditionally, attachment of resin composite restorations
was achieved through micromechanical adhesion that involved the etching of the dental substrates®?. Due to
their user-friendly application, simplified universal adhesives have grown in popularity. According to the lit-
erature, these adhesives are a single-bottle, no-mix adhesive system that works well with any adhesion strategy
and bonds adequately to tooth structure as well as various direct and indirect restorative materials®***. However,
the simplification came at the expense of hydrophilicity which can lead to water seepage through the hybrid
layer causing nano leakage *. Therefore, different protocols have been suggested to improve the performance of
simplified adhesives including increasing the application time®, the addition of a hydrophobic resin layer over
the adhesive®, and application of several layers of the simplified adhesive®. There is no clear consensus in the
literature on the optimal way to improve the long-term performance of simplified adhesives.

The results of this systematic review showed a wide variation in the adhesion protocol for the ion-releasing
materials, ranging from no pre-treatments to polyacrylic acid conditioners, ER, and SE adhesives. Nevertheless,
the overall incidence of marginal deterioration was low. It is important to highlight that the adherent substrate
which is a determining factor in the quality of the adhesion, is not consistent in all studies, with margins being
in enamel, dentine, or cementum. GICs were applied in the majority of studies after pre-treatment with a cav-
ity conditioner of poly-acrylic acid. It has been proposed that a tooth-GIC interaction interphase layer is seen
after GIC comes in contact with pre-treated dentin, as the pre-treatment facilitates diffusion of ions into the
demineralized substrate®®.

A recent systematic review has shown that this interphase layer is notably resistant to acidic dissolution and
hence improving the quality of the adhesive interface®. It is important to note that in this review, scores 1 and 2
of the FDI criteria in the marginal adaptation outcome were considered to be a sign of no significant marginal
deterioration. This was done to distinguish early stages of marginal deterioration between ion-releasing materi-
als and resin composite restorations. Since, the presence of small marginal gaps, ditches could potentially be a
culprit in secondary caries development.

The risk of bias in more than 60% of the included studies was high, with only 3 studies reporting a low risk
of bias!*?*7*, Performance bias was high or unclear in most studies as the nature and presentation of the used
materials are different and easily identified by dentists. It should be noted that the overall risk of bias of the study
was not considered as a ground for meta-analysis exclusion. Therefore, the results of this analysis should be cau-
tiously interpreted. The GRADE assessment of the quality of evidence was low for both outcomes (secondary
caries and marginal adaptation) which weakens confidence in the effect estimate. Consequently, the true effect
might be substantially different from the estimate of the effect. Imprecision and risk of bias for both outcomes
had to be downgraded by one level each. The risk of bias for 2 of the primary domains (performance bias and
selection bias) was high for studies that contributed to the weight of the analysis. The absence of events in control
and intervention arms led to a downgrading for impression by one level®>.

There are some limitations to this review. Firstly, no restriction was placed on the date of publication. Studies
that were published in the early 2000s presented a higher risk of bias and inadequate reporting which affected
their quality assessment. Although the Consolidated Standards of Reporting Trials (CONSORT) statement was
developed in 1996°* and undergone a couple of revisions’*®, many clinical trial reports remained inadequate.
Furthermore, short follow-up periods resulted in an overall low number of events. Also, several new ion-releasing
materials have emerged in the last 5 years. The results of this analysis were based on two broad categories of
materials (GICs and compomers). The findings of this review cannot be applied to all commercially available
ion-releasing materials.

Conclusions

1. Within the limitation of this work, this systematic review and meta-analysis revealed that secondary caries
occurrence is not dependent on the ion-releasing capability of restorative material.
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Short-term follow-ups are a common denominator among the available body of evidence. Longer follow-
ups are recommended to accurately detect the performance of different restorative materials after prolonged
clinical service.

Several new ion-releasing materials lack high-quality clinical reporting and need further investigations.
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