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Abstract

Background—Resin-based dental restorations may intra-orally release their components and
bisphenol A. Gestational bisphenol A exposure has been associated with poorer executive
functioning in children.

Objectives—To examine whether exposure to resin-based composite restorations is associated
with neuropsychological development in children.

Methods—Secondary analysis of treatment level data from the New England Children’s
Amalgam Trial, a 2-group randomized safety trial conducted from 1997-2006. Children (N=534)
aged 6-10 y with >2 posterior tooth caries were randomized to treatment with amalgam or resin-
based composites (bisphenol-A-diglycidyl-dimethacrylate-composite for permanent teeth;
urethane dimethacrylate-based polyacid-modified compomer for primary teeth).
Neuropsychological function at 4- and 5-year follow-up (N=444) was measured by a battery of
tests of executive function, intelligence, memory, visual-spatial skills, verbal fluency, and
problem-solving. Multivariable generalized linear regression models were used to examine the
association between composite exposure levels and changes in neuropsychological test scores

© 2012 Elsevier B.V. All rights reserved.

CORRESPONDING AUTHOR: Nancy Nairi Maserejian, ScD, New England Research Institutes, Inc., 9 Galen Street, Watertown,
MA 02472, Direct Dial Tel: (01) 617.972.3229, FAX: (01) 617.926.0144, nmaserejian@neriscience.com.

Conflict of Interest Disclosures: Authors report no competing financial interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maserejian et al. Page 2

from baseline to follow-up. For comparison, data on children randomized to amalgam treatment
were similarly analyzed.

Results—With greater exposure to either dental composite material, results were generally
consistent in the direction of slightly poorer changes in tests of intelligence, achievement or
memory, but there were no statistically significant associations. For the four primary measures of
executive function, scores were slightly worse with greater total composite exposure, but
statistically significant only for the test of Letter Fluency (10-surface-years p=-0.8, SE=0.4,
P=0.035), and the subtest of color naming (B=-1.5, SE=0.5, A=0.004) in the Stroop Color-Word
Interference Test. Multivariate analysis of variance confirmed that the negative associations
between composite level and executive function were not statistically significant (MANOVA
P=0.18). Results for greater amalgam exposure were mostly nonsignificant in the opposite
direction of slightly improved scores over follow-up.

Conclusions—Dental composite restorations had statistically insignificant associations of small
magnitude with impairments in neuropsychological test change scores over 4- or 5-years of
follow-up in this trial.
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1. INTRODUCTION

Dental caries are present in over half of U.S. children, and by adolescence, 80% have
decayed or filled teeth (USDHHS 2000). The popularity of dental amalgam for restoration
treatment of caries has decreased due to concerns with mercury exposure and cosmetic
preferences. Meanwhile, use of composite resin materials has risen rapidly, with over 10
million placed annually in U.S. children alone (Beazoglou et al., 2007).

However, components of materials such as epoxy resins and acrylic monomers also have
potential for toxicity (Schweikl et al., 2006). Of particular concern has been the release of
bisphenol A (BPA) (Fleisch et al., 2010), a chemical which has been shown in numerous
studies to have adverse health effects in experimental animals (Richter et al., 2007). In
dentistry, BPA is used in the synthesis of matrix monomers such as dimethacrylate
monomers (e.g., bisphenol-A-diglycidyl-dimethacrylate, bisGMA) for composite
restorations. Elution of BPA from composites may result from impurities left after resin
synthesis or from resin degradation (Van Landuyt et al., 2011). Over time, composites
undergo mechanical, hydrolytic, and enzymatic degradation processes, thereby potentially
releasing polymeric breakdown products throughout the life of the restoration. Although
numerous laboratory studies show release of resin monomers from dental materials (Van
Landuyt et al., 2011), the extent to which they are released after restoration treatment in
humans remains unclear. A recent saliva study in 10 adults found that treatment with a
bisGMA-based filling led to increased bisGMA and other resin components in saliva shortly
after treatment, but no detectable levels were found one week later (Michelsen et al., 2012).
In a study of 20 children, urinary BPA levels increased after dental composite treatment and
had not returned to baseline levels at the end of follow-up two weeks later (Martin et al.,
2005). A cross-sectional study in South Korean children found significantly higher urinary
BPA levels (2.67 pg/g creatinine) in children with more than ten composites and sealants
than those with no fillings (Chung et al., 2012). However, causality cannot be determined in
these observational studies, particularly considering the numerous possible exposure routes
of BPA in the environment.
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There is limited data on potential human health effects of BPA exposure, but rodent studies
have shown that perinatal BPA affected neurological development, resulting in impaired
learning of passive and active avoidance tasks and permanently influencing spatial and
avoidance memory (Negishi et al., 2004, Palanza et al., 2008, Richter et al., 2007, Tian et
al., 2010, Xu et al., 2010). In adolescent mice, long-term exposure to low levels of BPA
altered exploration, spatial learning and memory, and passive avoidance memory through
adulthood (Xu et al., 2011). These low doses of BPA administered in some recent animal
studies (e.g., 10-100 microg/kg/day) reflect environmentally relevant doses for humans
(vom Saal and Hughes, 2005, Welshons et al., 2006). However, of two human studies of
gestational BPA exposure and neurobehavior, one found no associations among 5-week old
infants (Yolton et al., 2011), whereas the other found associations with poorer emotional
control and inhibition of behavioral responses at 3 years of age, with gestational, but not
early childhood, BPA exposure (Braun et al., 2011).

Despite findings of release of BPA, as well as other monomers with potential toxicity (e.g.,
triethylene glycol dimethacrylate [TEGDMA], bisphenol A diglycidyl ether [BADGE] (Van
Landuytet al., 2011), from dental resin materials, there is little data to inform the long-term
safety of composite restorations in children. The New England Children’s Amalgam Trial
(NECAT) was an NIH-funded randomized clinical safety trial of dental amalgam,
examining neuropsychological and renal effects in children over 5-years follow-up, with the
comparison treatment of resin composites. Results showed no harmful neuropsychological
effects among children randomized to the amalgam group (Bellinger et al., 2007a, Bellinger
et al., 2006), and there were no associations between extent of amalgam exposure or urinary
mercury excretion and neuropsychological function (Bellinger et al., 2007b). In contrast,
children assigned to composites and with higher composites treatment levels had poorer
self-reported behavioral measures (Bellinger et al., 2008, Maserejian et al., 2012). In fact,
scores for most outcomes were consistently less favorable among children assigned to
composites, and the consistent differences reached statistically significance for neurological
function in secondary tests of spatial working memory and immediate memory span
(Bellingeret al., 2007a). These findings were mirrored in a separate trial of amalgam vs.
composites in Portuguese children, which found that children assigned to composites were
statistically nonsignificantly more likely to have neurological hard signs (14.1% vs. 8.1%) or
neurological soft signs (37.3% vs. 31.9%) at the 7-year final follow-up visit, as well as at
most annual follow-up visits (Lauterbach et al., 2008). The consistency in the directions of
these findings for composites from two separate randomized clinical trials in different
pediatric populations suggests the possibility of harmful neurological effects of composite
materials.

Given the previously published differences by assigned treatment group, the objective in this
paper was to examine levels of treatment received, to test the hypothesis that greater
composite treatment is associated with worse neurological function in children. We examine
children’s cumulative exposure levels to composites and changes in neuropsychological
function over a 4-to-5 year follow-up interval.

2. METHODS
2.1 Study Design and Participants

NECAT, a randomized clinical safety trial of amalgam vs. composites, occurred from 1997—
2005 at six community dental clinics in Boston and Maine. Although children were
randomly assigned to a treatment plan of composites or amalgam, the level of exposure to
restorative materials differed by individuals’ treatment needs; thus, we applied methods
typical for analysis of data from observational, prospective cohort studies for this analysis.
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Of 5,116 children screened for eligibility, 598 were eligible and 534 had written parental
consent and child assent. Eligibility criteria were: aged 6-10 y; English fluency; no
amalgam restorations; >2 posterior teeth with caries requiring restoration on occlusal
surfaces; and, by parent-report, no physician-diagnosed psychological, behavioral,
neurological, immunosuppressive or renal disease. The study was approved by the
institutional review boards of all participating sites. Details of the study design have been
published (Children’s Amalgam Trial 2003, Bellingeret al., 2007a, Bellingeret al., 2006).

2.2 Dental Materials and Interventions

Randomization was stratified by number of teeth with caries (2—4 vs. >5) and geographic
location. In the composites treatment arm, a minifill composite (Z100, by 3M ESPE, St.
Paul, Minn) containing bisGMA and TEGDMA for the resin matrix was used on permanent
teeth, and compomer was used on primary teeth. Compomers are polyacid-modified
composites that contain 72% (by weight) strontium-fluorosilicate-glass to allow fluoride
release; the compomer used (Dyract, by Dentsply Caulk, Milford, Del.) contained urethane
dimethacrylate and trimethacrylate resins. Composites were used in the amalgam arm to
restore anterior tooth caries, per standard practice. Children had semiannual dental
examinations and treatment visits as needed throughout the 5-year follow-up. Dental
procedures were standardized across sites and clinicians.

2.3 Neuropsychological Assessment Measures

At baseline and again at pre-specified time points during the 5-year follow-up, children
participated in two sessions of interviewer-administered neuropsychological testing. In one
session (occurring at baseline, and post-baseline year 3 and year 5), the Wechsler
Intelligence Scale for Children-Third Edition (WISC-111) (Wechsler, 1991) and the Wechsler
Individual Achievement Test (WIAT) (Psychological Corporation, 1992) were administered.
In the other session (occurring at baseline, and post-baseline years 1, 2, and 4), a battery of
domain-focused tests were administered. These tests included the Wide Range Assessment
of Memory and Learning (WRAML) (Sheslow and Adams, 1990), the Wide Range Test of
Visual-Motor Ability (WRAVMA) (Adams and Sheslow, 1995), the Trail-Making Test
(Spreen and Strauss, 1991), an ordered and unordered verbal cancellation task (Mesulam,
1985), category fluency (McCarthy, 1972), the Controlled Oral Word Association Test
(letter fluency) (Spreen and Strauss, 1991), simple visual reaction time using the Standard
Reaction Timer (Software Science, Cincinnati, OH), the Stroop Color-Word Interference
Test (Trenerry et al., 1989), and the Wisconsin Card Sorting Test (Heaton et al., 1993).

For this analysis, primary and secondary outcomes of interest (listed in Table 3) were pre-
specified as those measures that reflect global performance on the WISC-I111, WIAT, and
WRAML, derived by combining a child’s performance on tasks that assess somewhat
different abilities. Executive function, also of primary interest, was measured by the Trail-
Making Test, Letter Fluency subtest of Verbal Fluency, Stroop Color-Word Interference
Test, and the Wisconsin Card Sorting Test.

Quality control of the assessments was assured by having all examiners (n=19) trained and
certified by one supervising psychologist (D.C.B.) and continuously monitored during the
trial. Each testing session was completely re-scored by a second individual and errors
corrected. Computerized algorithms were used to check the entered data for internal
consistency.

2.4 Statistical Analysis

Multivariable generalized linear regression models were used to assess the association of
continuous and categorical exposure measures with change in neuropsychological test scores
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from baseline to follow-up (5-year follow-up for WISC-I1l and WIAT; 4-year follow-up for
all other tests). For the four primary tests of executive function, we also used multivariate
analysis of variance (MANOVA) to examine the linear combination of their means
simultaneously and to minimize possible problems with multiple testing (i.e., reduce the
Type | error rate).

A total of 444 children had year 5 outcome data, and 409 had year 4 outcome data. Children
missing outcome data were excluded from analyses; they were similar in age, sex, baseline
caries and blood lead levels, but had lower baseline WISC-111 full-scale 1Q scores (92.9 =
13.8 vs. 96.1 + 13.2, P=0.046) compared to children with complete follow- up. The
complete case analysis had 80% power at alpha=0.05 to detect a correlation of at least 0.14
between composites exposure level and changes in test scores.

Multivariable models were determined using directed acyclic graphs (Greenland et al., 1999)
and included factors shown to be relevant in prior NECAT analyses and other studies of
environmental toxicant-neurodevelopment associations (Bellingeret al., 2007b): age, sex,
socioeconomic status, geographic site, and baseline blood lead level. Effect modification by
age, sex, gum chewing, and toothbrushing frequency were investigated, but no interactions
were found.

Exposure levels of compomer and composite were analyzed separately, given that
differently manufactured composites have been shown to differ in release of their
components (Joskow et al., 2006, Van Landuytet al., 2011). Where results were similar by
material type, additional analyses combining all composites were conducted. Exposure
levels were calculated using surface-years (each treated surface weighted by number years
present in the mouth), which indicates cumulative exposure throughout the trial. Given our
prior finding that cumulative treatment on posterior-occlusal surfaces was most strongly
associated with biomarkers of amalgam restorations (Maserejian et al., 2008), presumably
owing to chewing effects on degradation, posterior-occlusal surface-years were of primary
interest. Exposure categories were none and, among the exposed, were divided into tertiles.
Trend tests were conducted using the continuous measure. Sensitivity analyses examined
two additional exposure metrics: total surface-years and number of extant filled surfaces.
Lastly, to evaluate whether findings for composite treatment level were due to residual
cofounding by factors related to severity of dental disease (rather than treatment material),
we conducted additional analyses using the available data on randomization to amalgam, to
compare associations between posterior-occlusal surface-years amalgam and outcomes.
Analyses were conducted using SAS v.9.2 (Cary, NC).

3. RESULTS

Children assigned to the composites treatment plan had a mean (SD) of 6.2 (3.1) posterior-
occlusal surfaces filled over the course of the trial, corresponding to 19.2 (10.8) posterior-
occlusal surface-years (10.6 surface-years compomer, 8.7 surface-years composite). Among
all children in this analysis, combining those in the composites or amalgam arm (who may
have received composites on anterior teeth), mean (SD) posterior-occlusal surface-years
exposure was 5.5 (8.2) for compomer and 4.6 (8.2) for composite (Table 1). Most children
had mixed dentition at baseline, and over two-thirds of children who received composites
were treated with both compomer and composite materials during the course of the study.
Cumulative exposure to composites by the end of the trial was not associated with
characteristics such as age, sex, or bottled vs. tap water use (Table 2).

With increasing compomer or composite exposure, adjusted mean neuropsychological test
change scores between baseline and 4- or 5-year follow-up were generally consistent in the
direction of increasing impairment (Table 3), but there were few statistically significant
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associations. In secondary analyses combining total posterior-occlusal composites
exposures, WISC-111 Full-scale 1Q, WIAT, and WRAML test scores had no significant
associations with surface-years exposure. Children with greater exposure to either
compomer or composite had poorer change scores on Letter Fluency; an additional 10
posterior-occlusal surface-years was associated with a decreased mean change score by 0.8
(SE=0.4, P=0.035). Worse change scores with higher total exposure to compomer/composite
were also found for other measures of executive function: perseverative errors in the
Wisconsin Card Sorting Test (B=1.4, SE=0.8, P=0.08) and the Trail-Making Test Part B-
Part A (B=-3.0, SE=2.5, P=0.23), but results were not statistically significant. For the
Stroop Color-Word Interference Test, only the change scores for the Color naming trial were
significantly associated with greater exposure to composites (10 posterior-occlusal surface-
years total composites p= -1.5, SE=0.5, P=0.004), indicating poorer ability to name colors.
Amalgam posterior-occlusal surface-years exposure was not associated with scores on these
executive function tests; in fact, all mean change scores were in the direction of
improvement (10 surface-years, Letter Fluency p=0.7, SE=0.4, P=0.10; perseverative errors
p=-2.0, SE=0.9, P=0.02; Trail-Making p=1.0, SE=3.0, P=0.70; Color naming p=0.05,
SE=0.6, P=0.9). In the multivariate analysis of variance, the association between composite
and impairments in tests of executive function was not statistically significant (A=0.18).
Results were similar in sensitivity analyses of total surface-years exposure and the number
of extant filled surfaces at follow-up (data not shown).

4. DISCUSSION

Using exposure-response analyses from a randomized trial, this study found consistent but
not statistically significant associations between UDMA-based polyacid-modified
(compomer) or standard minifill bisGMA-based dental composite and neuropsychological
health in children. Overall, most change scores were slightly poorer among children with
greater compomer or composite exposure, which is in contrast to the findings for amalgam
exposure levels (Bellingeret al., 2007b). However, of 4 primary tests of executive function,
scores on only one, the test of Letter Fluency, were statistically significantly related to
compomer/composite exposure, and the results for other general tests of intelligence,
learning, memory, and visual-spatial skills indicate that chance cannot be ruled out as an
explanation for these findings.

A strength of this study is that the data were obtained as part of a randomized clinical trial.
For this analysis of composite treatment level, the previously reported intent-to-treat and
amalgam level analyses are available to evaluate the possibility of confounding by factors
related to severity of dental disease, or disease on primary teeth vs. permanent teeth. Of
note, the current finding of poorer change scores with higher composite exposure is in
contrast to findings from analyses of amalgam exposure-response, where change scores
tended to improve (Bellingeret al., 2007b). Thus, confounding by factors related to severity
of dental disease is unlikely. Furthermore, the current findings are consistent with the intent-
to-treat results, which showed that children randomized to amalgam fared better on the 3
primary neuropsychological endpoints of the trial (WISC-I1 full-scale intelligence, General
memory index, and Visuomotor global score) (Bellingeret al., 2006). A possible explanation
for these trends is that we are observing actual effects of composites, but the effects on
neuropsychological health measures are indeed small, as reflected in both the original trial
and these additional analyses, and that they are statistically insignificant due to insufficient
power to detect differences of such small magnitude. This possibility would be definitively
addressed only by additional randomized controlled trials designed specifically to assess
smaller effect sizes with chronic exposure.
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In advance of such data, given the lack of statistical significance in our results, associations
between composites and worse neuropsychological outcomes may be spurious findings due
to chance. A consequence of conducting multiple neuropsychological tests may be a
compromise in the statistical significance threshold. The multivariate analysis of variance,
which had the benefit of minimizing the likelihood of Type | errors due to multiple tests of
executive function, confirmed that the impairment in change scores was not statistically
significant.

The rationale for using multiple neuropsychological outcome measures was that various
tests are often conducted in a neuropsychological assessment to enhance interpretation of
results, particularly for complex constructs such as executive functioning (Golden et al.,
2002). Executive functions include planning, directing and maintaining attention,
organization, abstract reasoning and problem-solving, self-regulation, and motor control,
and may be confounded by intelligence, memory, and language. Executive functioning was
of particular interest given numerous rodent experiments showing effects of bisphenol A on
executive function measures, and findings that gestational BPA exposure is associated with
poorer executive functioning in girls (Braunet al., 2011). In the current study, children with
greater exposure to compomer or composite fared worse on most tests, but the differences
were statistically significant for only one test of executive function, Letter Fluency (sum of 3
trials from the Verbal Fluency test). This test required the child to combine processes related
to verbal language within a set of constraints (e.g., to name words beginning with the letter
‘F”) which require the inhibition of inappropriate responses. For another executive function
test, the Stroop Color-Word Interference Test, children with greater composites exposure
performed worse only on the Color portion (naming the color of a bar). Poor performance on
the Color portion alone may be affected by speech motor function, or the individual’s ability
to name colors. In the absence of colorblindness, an impaired score on the Color trial may
indicate brain dysfunction in the left (dominant) temporal-occipital or the right (non-
dominant) posterior area (Goldenet al., 2002). We found no similar associations with greater
amalgam exposure levels in this study.

Previous studies of maternal prenatal urinary BPA measures and child neuropsychological
health or behavior have shown inconsistent results. Braun et al. (Braunet al., 2011, Braun et
al., 2009) found adverse associations with executive functioning and social behavior
particularly in girls. Perera et al. (Perera et al., 2012) found the reverse, whereby higher
maternal prenatal BPA concentration was associated with worse parent-reported social
behavior scores in boys, but not girls. In a study of 5-week old infants, maternal prenatal
BPA levels were not associated with neurobehavioral scores (Yoltonet al., 2011). Lacking
consistency across studies, firm conclusions cannot yet be drawn regarding the role of BPA
in human neuropsychological behavior.

In this study, no data were available to evaluate BPA levels, or whether levels of other
chemicals that may leach from dental composites, such as bisGMA, UDMA, or TEGDMA
(Van Landuytet al., 2011), increased with greater composite exposure. Prior in vitro and in
vivo studies have shown that the minifill composite (Z100) used in NECAT released BPA,
bisGMA, bisDMA, and BADGE (Al-Hiyasat et al., 2004, Martinet al., 2005, Ortengren et
al., 2004, Pulgar et al., 2000, Sasaki et al., 2005, Yap et al., 2004). For the polyacid-
modified composite (Dyract compomer), no detectable BPA or bisGMA were found in
eluates from filled tooth samples in one study (Hamid et al., 1998). For both composites,
numerous studies have reported cytotoxic effects (Milhem et al., 2008, Schweikl et al., 2005,
Sletten and Dahl, 1999, Wataha et al., 1999). Resin-composite restorations have
comparatively high failure rates (Soncini et al., 2007). As they undergo degradation, resin
components are released, presumably throughout the life of the restoration. Additional
studies are needed to measure the long-term release of components of resin-based dental
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materials and whether the levels absorbed or excreted are associated with adverse health
effects.

In conclusion, consistent but not statistically significant associations were observed between
methacrylate-based dental composites and small impairments in neuropsychological test
score changes over 4- or 5-years of follow-up among children in this randomized clinical
trial. Although findings were not statistically significant, they were consistent in the
direction suggesting small adverse effects with greater composite exposure. Furthermore,
this consistency was not observed for the randomly-assigned amalgam treatment. In light of
the previously-reported differences in behavioral outcomes (Bellingeret al., 2008,
Maserejianet al., 2012), and the non-significant tendency for composites exposure to be
associated with poorer neuropsychological test scores both in the present study and in a
separate randomized study of children (Bellingeret al., 2006, DeRouen et al., 2006), further
studies on the safety of methacrylate-based dental composite materials are warranted.
Newly-developed dental materials (e.g., ormocer-based, silorane-based) exist, and because
they may have distinct properties in chemical composition, biocomptability, and wear (llie
and Hickel, 2011, Polydorou et al., 2009), their potential for toxicity should also be
thoroughly tested. In the meantime, well-established factors such as the durability of
amalgam, technique-sensitivity needed for composite vs. amalgam, preservation of sound
tooth structure, cosmetic preferences of the patient, and differing financial costs should
remain among the primary determinants of a decision regarding choice of dental restorative
materials.
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Dental Composite Restoration Treatment Levels and 5-Year Cumulative Exposure during the 5-Year Trial

among 444 Children in this Analysis?

Compomer Composite Total Composites

Number of Teeth Ever Filled 2.3(2.7) 1.7 (2.5) 4.0 (4.1)
Number of Posterior Occlusal Surfaces Ever Filled 2.0(2.5) 1.3(21) 3.3@3.7)
Surface-Years of Exposure 11.8(17.9) 10.3(17.2) 22.2 (25.3)
Posterior Occlusal Surface-Years of Exposure 5.5(8.2) 4.6(8.2) 10.1 (12.1)

a . . . . . h - .
Columns present mean (SD) for children who received any restoration treatment on posterior or anterior teeth with each specific material, and are
not mutually exclusive. “Total composites” includes both compomer and composite restorations. Among children randomized to the composites

treatment plan (n=224), compomer was used for primary dentition and composite for permanent dentition. Among children randomized to

amalgam treatment (n=220), compomer or composite was used for anterior tooth surfaces per NECAT protocol and standard clinical practice.

Materials applied were Dyract compomer and Z100 composite.
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