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ABSTRACT

Statement of the Problem: The polymerization of bulk-placed resin-modified glass-ionomer
(RMGI) restoratives is compromised when penetration of the curing light is limited because of
the materials’ thickness. It is unknown if additional post light-curing resin polymerization
and/or glass-ionomer setting occurs over time to ensure adequate polymerization.

Purpose: The primary objective was to evaluate the depth of cure of various thicknesses of
RMGI restorative products over 1 year using Knoop hardness (KH) testing.

Materials and Methods: The materials were placed in Delrin molds having an internal diameter
of 5.0 mm and heights of 2, 3, 4, and 5 mm and were photopolymerized with a halogen light-
curing unit. Five specimens of each depth were prepared for each time period evaluated. Speci-
mens were stored in darkness at 37 � 2°C and 98 � 2% humidity until being tested at 24
hours, 1 week, and 1, 3, 6, 9, and 12 months after fabrication. Mean KH values were calcu-
lated for the bottom and top surfaces of each thickness group and used to determine bottom/
top hardness ratios. Data were compared using two-way analysis of variance (factors of time,
thickness) at a 0.05 significance level with Scheffé’s post hoc analysis, where required.

Results: The materials had relatively stable top surface KH, which permitted valid assess-
ment of changes in bottom surface KH over time. The bottom surface KH of some RMGIs
changed significantly over time (p < 0.001), but degrees of change were material dependent.
Certain RMGIs demonstrated a potential for statistically significant post light-activation
hardening; however, that too was material dependent. As compared with top surface KH,
deeper layers of the thicker RMGI specimens consistently failed to achieve an adequate
degree of polymerization.

Conclusion: Although certain RMGI materials demonstrate a potential for post light-activation
chemically initiated resin polymerization and/or polyalkenoate acid/base reaction, these reac-
tions may not be sufficient to ensure that the material is adequately polymerized for long-term
success. This is particularly true when RMGI materials are placed in thicker layers where
curing light penetration may be compromised.
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CLINICAL SIGNIFICANCE
RMGI materials should not be placed in bulk but photopolymerized in layers to ensure
adequate light activation. The results of this study suggest that Photac-Fil Quick be placed in
layers no thicker than 2 mm while Fuji II LC and Vitremer may be placed in layers up to 3 mm
in thickness.

(J Esthet Restor Dent 21:262–274, 2009)

I N T R O D U C T I O N

Resin-modified glass ionomers
(RMGIs) essentially consist of

conventional glass-ionomer (GI)
components combined with
organic photopolymerizable mono-
mers and a visible-light initiation
system.1 RMGIs were developed to
improve the mechanical properties
and reduce the early moisture
sensitivity of conventional GI
materials.2–4 Although exact formu-
las of commercially available
RMGI products are proprietary,
the amount of polymerized resin in
them has been estimated to be
approximately 4.5 to 6%.5 RMGIs
exist basically in two forms: one in
which part of the water is replaced
by water-soluble, photopolymeriz-
able 2-hydroxyethylmethacrylate
(HEMA) monomer, and one in
which pendant methacrylate
groups are present on the poly-
acrylic acid molecules.6,7

The setting reaction of RMGIs is
complex compared with that of
conventional GI materials,8 espe-
cially in terms of the interactions
that occur between HEMA
and other constituents. While

Andrzejewska and colleagues9

reported that aqueous polyacids
enhance HEMA’s photopolymer-
ization, others have reported that
HEMA lengthens both the working
and setting times of GI materials
and decreases their compressive
strength.10,11 HEMA also affects
the polyacrylic acid’s configuration
and has been theorized to induce
possible phase separation because
components in polymerized HEMA
are water insoluble and may pre-
cipitate out of solution.12 HEMA
also decreases polyacrylic acid
solubility, reducing its availability
for reacting.10 The overall effect of
adding HEMA to a conventional
GI material is a decreased acid-
base curing reaction, which may
result in a material with inferior
physical properties.8,10

Another concern when using
RMGIs is the possibility that they
will not adequately set when
placed in bulk and activated by
visible light, because the amount of
light that reaches the deeper
regions of the restoration may not
be sufficient to initiate photopoly-
merization.8 To compensate for
this potentially adverse effect,

manufacturers have added chemi-
cally activated (i.e., auto-cure)
components,13 which purportedly
increase RMGI depth of cure. As a
result, some clinicians assume
RMGI materials can be placed
without regard to depth because
the deeper areas of compromised
light penetration can polymerize
sufficiently because of the presence
of chemically polymerizing resins
and by the conventional acid-base
polyalkenoate reaction.

One of the ways of studying the
setting/curing behavior and depth
of cure of RMGI materials has
been to measure their hardness.14–19

Hardness has been used as an indi-
cator of degree of conversion (i.e.,
extent of polymerization of mono-
mers to polymers) in dental materi-
als.20 In one study, it was found
that Knoop hardness (KH) exhibits
a strong, significant, positive linear
correlation with degree of conver-
sion.21 This finding was true for
thicknesses from 2 mm to 5 mm
for the three resin composites that
were studied. Yap17 measured the
top surface hardness of seven
materials, three of which were
RMGIs. Results over 6 months
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indicated that hardness changes
were material dependant. He
reported that Fuji II LC’s (GC
America, Alsip, IL, USA) and
Photac-Fil’s Photac-Fil Quick (3M/
ESPE, St. Paul, MN, USA) top-
surface hardness decreased but
Vitremer’s (3M/ESPE) increased. In
a 12-month study of Fuji II LC,
Photac-Fil Quick, and Vitremer,
Ellakuria and colleagues18 also
reported top surface, material-
dependent hardness changes. In
another 12-month study, Kancha-
navasita and colleagues19 reported
a top-surface hardness increase for
Fuji II LC and Vitremer.

Hardness has also been used to
assess the depth of cure of RMGI
materials.14,15,22,23 Burke and col-
leagues14 investigated the depth of
cure of a RMGI liner using a
scrape technique and reported that
in cases where light penetration
was compromised, the material
showed an increase in depth of
cure 12 hours later. In a study of
the strength, depth of cure, and
translucency of RMGIs, Mount
and co-investigators22 also used a
scrape test to assess the depth of
cure resulting from the irradiation
component of the setting reaction.
The authors found that depth of
cure was dependent upon shade
and irradiation time. They also
determined that specimens sub-
jected to light activation were
stronger than non-irradiated ones.
In a study of a RMGI luting agent,

Sigemori and colleagues23 used KH
to assess depths of cure at three
depths of a RMGI luting product
and compared them with those of
two resin luting agents. They
found that the KH values of the
RMGI luting agent at its middle
(7.0 mm) and deepest (11.4 mm)
third were significantly higher than
at its superficial (2.3 mm) third.
Swift and colleagues15 investigated
depth of cure of Fuji II LC,
Photac-Fil Aplicap, and Vitremer
using KH testing. Nine-mm-deep
molds were filled and light acti-
vated, and hardness was measured
at 10 minutes, 24 hours, and 7
days. For all materials, only the
top 5 mm of the specimens demon-
strated sufficient hardness for
testing purposes. At 7 days, no
statistically significant difference in
hardness was noted between the
top surfaces and those at the 5-mm
level. However, because hardness
tended to decrease as the materials’
thickness increased, the authors
recommended that RMGI materials
be placed and light activated in 2-
to 3-mm increments. In a review
article, McCabe13 cited previously
reported depths of cure for RMGI
liners and restorative materials that
ranged from 1.54 to 2.26 mm for
lining materials and from 2.68 to
2.97 mm for restorative materials.

One of the ways of using hardness
to assess depth of cure of materials
is to compute the bottom/top KH
ratios of various thicknesses of the

material. This has frequently been
done for resin composites24,25 and
has been shown to correlate well
with degree of conversion of
carbon-carbon bonds measured
with Fourier Transform Infrared
Spectroscopy.21,26 The hardness
ratio technique for determining
depth of cure of RMGI restorative
materials has not received the
attention paid to that of resin
composites or other versions
of RMGIs.15,23

Measuring the hardness changes of
different thicknesses and bottom/
top ratios of RMGI restorative
products over time is important as
a means of confirming or refuting
the opinion held by many clini-
cians that the resin’s chemically
activated polymerization and the
polyalkenoic acid-base reaction
compensate for inadequate
light photopolymerization.8

P U R P O S E

The purpose of this study was to
investigate the depth of cure of
various thicknesses of three com-
mercially available RMGI restor-
ative materials over 12 months
using KH testing.

M AT E R I A L S A N D M E T H O D S

The RMGI materials used were
Fuji II LC, Vitremer, and Photac-Fil
Quick (Table 1). All materials were
prepared per manufacturer’s
instructions and placed by one
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operator (HWR). To prevent inad-
vertent material polymerization, all
preparation/testing was conducted
in a laboratory equipped with gold
fluorescent lamps (F40/GO Gold,
Sylvania, Danvers, MA, USA),
which filtered out wavelengths
below 525 nm. Precapsulated
materials (Fuji II LC, Photac-Fil
Quick) were prepared using a
mechanical mixing unit (Automix,
Sybron Dental Specialties, Orange,

CA, USA) while the powder/liquid
material (Vitremer) was dispensed,
manually mixed, placed in a
delivery syringe (AccuDose Low
Viscosity, Centrix Inc., Shelton, CT,
USA), and injected into molds.
Delrin molds with an internal
diameter of 5.0 mm and heights of
2, 3, 4, and 5 mm were used. Five
specimens of each depth were pre-
pared for each time period evalu-
ated. Molds were placed on a

mylar-covered glass slide, and the
mold was completely filled with
the RMGI material, followed by
placement of another mylar strip
and a glass slide, with pressure
manually applied to express excess
material and produce a flat
surface. Specimens were then pho-
topolymerized as per the manufac-
turers’ recommended exposure
times using a halogen visible-light
polymerization unit (Optilux 501,

TA B L E 1 . R E S I N - M O D I F I E D G L A S S - I O N O M E R R E S T O R AT I V E M AT E R I A L S U S E D I N T H E S T U D Y.

Material Manufacturer Composition Shade Recommended Light

Curing Duration and

Material Thickness

Fuji II LC GC America
3737 W. 127th Street
Alsip, IL 60803
800-323-7063
http://www.gcamerica.
com

Powder
Alumino-silicate glass

Liquid
polyacrylic acid; HEMA; 2,2,4,
TMHEDC; TEGDMA

A2 20 seconds; maximum
recommended thickness
is 1.8 mm

Vitremer 3M ESPE
Building: 275-2SE-03
3M Center
St. Paul, MN 55144
800-634-2249
http://www.3m.com

Powder
fluoroaluminosilicate glass;
microencapsulated potassium
persulfate and ascorbic acid;
pigments

Liquid
aqueous solution of
polycarboxylic acid; HEMA;
photoinitiators

A3 40 seconds; maximum
recommended thickness
is 2.5 mm

Photac-Fil
Quick

3M ESPE Powder
Na-Ca-Al-La fluorosilicate glass;
amine activator

Liquid
glass ionomer compatible
monomers and oligomers; acrylic-
and maleic-acid copolymers;
camphorquinone; stabilizers;
water

A2 20 seconds; maximum
recommended thickness
is 2 mm

2,2,4, TMHEDC = 2,2,4 trimethyl hexamethylene dicarbonate; HEMA = 2-hydroxyethylmethacrylate; TEGDMA = triethylene glycol
dimethacrylate.

All products were purchased in 2005.
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Sybron Dental Specialties). During
light curing, the tip of the light
guide was in contact with the
mylar on the mold’s top surface.
The illuminance level of the light
unit was periodically assessed using
a properly calibrated laboratory
laser power meter (PowerMax
5200 with PM10 Probe,
Molectron, Portland, OR, USA),
which ensured accuracy of the
measurements. Light output was
consistently 875 mw/cm2. After
light exposure, specimens were
stored in darkness to prevent
ambient light from causing addi-
tional post light-curing polymeriza-
tion. Specimens were stored in a

98 � 2% humidity environment in
a humidor at 37 � 2°C until being
tested at 24 hours, 1 week, and
1, 3, 6, 9, and 12 months
after fabrication.

At each testing time, KH was mea-
sured with a microhardness tester
(M-400-G2, LECO, St Joseph, MI,
USA) using a 100-g load and a
10-second dwell time. For each
specimen, three hardness measure-
ments were made near the centers
of the top and bottom surfaces, and
the mean of the three values was
calculated for each surface and des-
ignated as the surface mean. Means
were then calculated for the bottom

and top surfaces of each thickness
group and used to determine
bottom/top hardness ratios. Data
were compared using two-way
analysis of variance (ANOVA)
(factors of time, thickness) at a 0.05
significance level with Scheffé’s
post hoc analysis, where required.
Statistical analysis was performed
using SPSS software (12.0, SPSS
Inc., Chicago, IL, USA).

R E S U LT S

For Fuji II LC (Table 2A–C), two-
way ANOVA identified a signifi-
cant time effect (p < 0.001) for the
top surface KH with a significant
interaction (p = 0.004) between the

TA B L E 2 . * A , F U J I I I L C M E A N ( S D ) T O P - S U R FA C E K N O O P H A R D N E S S . * B , F U J I I I L C M E A N ( S D ) B O T T O M - S U R FA C E

K N O O P H A R D N E S S . * †C , F U J I I I L C M E A N ( S D ) B O T T O M / T O P K N O O P H A R D N E S S R AT I O S ( % ) .

Thickness

(mm)

24 hours 1 week 1 month 3 months 6 months 9 months 12 months

A
2 20.9 (0.3)Aa 20.6 (0.9)Aa 19.8 (0.8)Aa,b 20.6 (1.0)Aa 17.9 (0.2)Ab,c 17.2 (0.2)Ac 18.6 (1.0)Ab,c

3 20.3 (0.3)Aa,b 20.7 (0.5)Aa 20.2 (0.7)Aa,b 20.6 (0.6)Aa 17.6 (0.1)Ac 17.0 (0.8)Ac 19.0 (0.4)Ab

4 20.2 (0.4)Aa,b 21.2 (0.6)Aa 19.6 (0.7)Ab,c 21.3 (0.6)Aa 17.5 (0.3)Ad,e 16.3 (0.5)A,Bd,e 18.4 (0.5)Ac,d

5 20.4 (0.4)Aa 21.2 (0.9)Aa 20.2 (0.5)Aa 21.1 (0.6)Aa 17.4 (0.5)Ab 15.6 (0.5)Bc 18.6 (0.2)Ab

B
2 18.4 (0.3)Aa 19.1 (1.2)Aa 18.1 (0.5)Aa,b 18.8 (0.7)Aa 16.9 (0.2)Ab,c 15.9 (0.4)Ac 16.9 (0.5)Ab,c

3 15.1 (0.3)Ba 18.3 (0.6)Ad 16.8 (0.6)Ac 19.4 (0.2)Ad 16.4 (0.4)Ab,c 15.5 (0.5)Aa,b 16.6 (0.2)Ac

4 11.3 (1.2)Ca 15.3 (0.4)Bc 12.3 (1.1)Ba,b 13.2 (1.6)Ba,b,c 11.5 (0.4)Ba 13.3 (0.3)Ba,b,c 14.2 (0.8)Bb,c

5 9.7 (0.4)Da 12.7 (0.5)Cb,c 10.6 (1.0)Ba,b 10.8 (0.6)Ca,b 9.8 (1.4)Ca 10.8 (1.1)Ca,b 12.9 (0.4)Cc

C
2 88.3 (1.9)Aa 92.7 (9.2)Aa 91.1 (2.7)Aa 91.3 (4.2)Aa 94.4 (1.1)Aa 92.1 (1.5)Aa 91.8 (5.2)Aa

3 74.7 (1.4)Ba 88.5 (2.3)Ab,c,d 82.8 (3.8)Bb 93.9 (1.7)Ac,d 92.9 (1.6)Ac,d 91.5 (3.7)Ac,d 87.3 (1.8)Ab,c

4 55.8 (6.1)Ca 72.1 (2.0)Bb,c 62.5 (5.8)Ca,b 62.2 (6.2)Ba,b 65.8 (2.7)Ba,b 81.5 (4.0)Bc 77.2 (3.5)Bb,c

5 47.6 (1.5)Da 60.1 (3.9)Cb,c 52.9 (5.7)Da,b 51.4 (3.8)Ca,b 56.3 (7.6)Ca,b 68.9 (6.4)Cc 69.3 (1.8)Cb,c

SD = standard deviation.

*Within a column, values with the same upper-case superscript letter are not significantly different (p > 0.05, Scheffé’s test). Within a row,
values with the same lower-case superscript letter are not significantly different (p > 0.05, Scheffé’s test).
†Values expressed are Knoop hardness ratios ¥ 100.
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main effects. Subsequent one-way
ANOVA indicated that the top
surface hardness significantly
decreased at 6 months for all
thickness groups; however, with
the exception of the 9-month
groups, no significant differences
were noted among thickness
groups at other time periods. For
the Fuji II LC bottom surface KH,
two-way ANOVA revealed signifi-
cant differences for time and depth
(p < 0.0001) along with significant
interaction between the factors
(p < 0.0001). Subsequent one-way
ANOVA found that bottom surface
hardness significantly increased for
the 3-, 4-, and 5-mm groups over

12 months. The 4- and 5-mm
groups were significantly softer
than the 2- and 3-mm groups at all
time periods. Two-way ANOVA of
bottom/top KH ratios identified
significant main effects
(p < 0.0001) and significant inter-
action (p < 0.0001) between them.
One-way ANOVA found no sig-
nificant differences in the 2-mm
groups over time but revealed sig-
nificant increases over 12 months
for the 3-, 4-, and 5-mm groups.
At 24 hours, significant differences
in the ratios existed among all
thicknesses (p < 0.001), but after
3 months there was no difference
between the 2- and 3-mm groups.

The 4- and 5-mm thickness ratios
were significantly different from
each other, and were less than
the 2- and 3-mm ratios at all
time periods.

Photac-Fil Quick results can be
seen in Table 3A–C. Two-way
ANOVA of top surface KH data
identified a significant time effect
with no significant interaction
(p = 0.111). One-way ANOVA
indicated a significant increase in
top surface hardness after 1 month
that largely remained for the dura-
tion of the evaluation. With the
exception of the 1-week groups,
top surface hardness was not

TA B L E 3 . * A , P H O TA C - F I L Q U I C K M E A N ( S D ) T O P - S U R FA C E K N O O P H A R D N E S S . * B , P H O TA C - F I L Q U I C K M E A N ( S D )

B O T T O M - S U R FA C E K N O O P H A R D N E S S . * †C , P H O TA C - F I L Q U I C K M E A N ( S D ) B O T T O M / T O P K N O O P H A R D N E S S

R AT I O S ( % ) .

Thickness

(mm)

24 hours 1 week 1 month 3 months 6 months 9 months 12 months

A
2 11.5 (0.4)Aa 13.7 (0.4)Ab 17.6 (0.5)Ac,d 17.0 (0.4)Ac 17.8 (0.1)Ac,d 17.6 (0.2)Ac,d 18.1 (0.6)Ad

3 11.7 (0.9)Aa 13.5 (0.4)A,Bb 17.9 (0.6)Ac 16.8 (0.3)Ac 17.6 (0.1)Ac 17.5 (0.1)Ac 18.2 (1.1)Ac

4 12.1 (0.8)Aa 12.9 (0.5)A,Ba 18.2 (0.2)Ab 16.8 (0.3)Ac 17.4 (0.2)Ab,c 17.6 (0.3)Ab,c 17.6 (0.2)Ab,c

5 11.6 (0.8)Aa 12.7 (0.3)Ba 17.6 (1.0)Ab 17.4 (0.4)Ab 17.5 (0.2)Ab 17.5 (0.3)Ab 17.5 (0.3)Ab

B
2 9.5 (0.8)Aa 12.0 (0.4)Ab 16.2 (0.4)Ac,d 15.6 (0.3)Ac 16.9 (0.1)Ad 16.8 (0.1)Ad 16.6 (0.1)Ad

3 9.3 (0.3)Aa 11.3 (0.4)A,Bb 15.5 (0.5)Ad 13.5 (0.4)Bc 15.3 (0.7)Bd 15.4 (0.3)Bd 15.6 (1.4)A,Bd

4 8.5 (0.6)Aa 10.5 (0.2)B,Cb 14.6 (0.8)Ac,d 11.0 (0.5)Cb 13.5 (0.3)Cc 14.1 (0.4)Cc,d 14.8 (0.3)Bd

5 8.7 (0.8)Aa 9.9 (0.7)Ca 10.9 (1.4)Ba,b 10.8 (0.9)Ca,b 12.5 (1.1)Cb,c 13.4 (0.6)Cc 14.0 (0.5)Bc

C
2 82.8 (5.9)Aa 87.9 (4.7)Aa,b 92.1 (4.3)Ab 91.6 (2.9)Ab 95.2 (0.7)Ab 95.1 (0.6)Ab 92.0 (2.4)Ab

3 78.8 (5.4)Aa 83.6 (4.7)A,Ba 86.3 (4.2)A,Ba 80.9 (2.5)Ba 86.9 (4.2)Ba 88.2 (2.0)Ba 85.5 (3.9)Ba

4 70.8 (2.6)Aa,b 81.3 (2.9)A,Bc 80.6 (4.6)Bc 65.6 (4.0)Ca 77.5 (1.3)Cb,c 80.2 (1.9)Cc 83.9 (1.6)Bc

5 75.4 (10.5)Aa,b 77.8 (6.3)Bb 61.6 (4.0)Ca 62.6 (6.0)Ca 71.4 (5.9)Ca,b 76.4 (2.8)Ca,b 80.1 (4.0)Bb

SD = standard deviation.

*Within a column, values with the same upper-case superscript letter are not significantly different (p > 0.05, Scheffé’s test). Within a row,
values with the same lower-case superscript letter are not significantly different (p > 0.05, Scheffé’s test).
†Values expressed are Knoop hardness ratios ¥ 100.
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significantly different among the
thicknesses. Two-way ANOVA of
the Photac-Fil Quick bottom
surface hardness data identified
significant time and thickness
effects (p < 0.0001) with a signifi-
cant interaction (p < 0.0001)
between the two factors. Further
one-way ANOVA revealed that
bottom surface hardness at 24
hours for all groups was similar.
Hardness then significantly
increased for each thickness group
and became largely stable after 6
months. With one exception, the
4- and 5-mm groups were signifi-
cantly softer than the 2- and 3-mm
groups after 3 months. Two-way

ANOVA of Photac-Fil Quick’s
bottom/top hardness ratios identi-
fied significant main effects
(p < 0.0001) and a significant
interaction (p < 0.0001).
Subsequent one-way ANOVA
revealed that, although the thick-
ness groups’ ratios numerically
increased over time, only the 2-
and 4-mm groups were signifi-
cantly harder at 12 months than at
24 hours. The ratios of the thick-
ness groups were not significantly
different at 24 hours, but signifi-
cant differences were found at
each subsequent test period. With
one exception (12 months), the 4-
and 5-mm groups had significantly

lower ratios than the 2- and 3-mm
groups after 3 months.

Results of the Vitremer KH evalua-
tion are provided in Table 4A–C.
Two-way ANOVA of the top
surface data identified significant
main effects (p < 0.001) with sig-
nificant interaction (p < 0.0001).
Follow-up one-way ANOVA iden-
tified significant top surface hard-
ness changes for all thickness
groups at various times during the
12-month test; however, no signifi-
cant changes were noted between
24 hours and 12 months for any
groups. Some significant differ-
ences were periodically found

TA B L E 4 . * A , V I T R E M E R M E A N ( S D ) T O P - S U R FA C E K N O O P H A R D N E S S . * B , V I T R E M E R M E A N ( S D )

B O T T O M - S U R FA C E K N O O P H A R D N E S S . * †C , V I T R E M E R M E A N ( S D ) B O T T O M / T O P K N O O P H A R D N E S S R AT I O S ( % ) .

Thickness

(mm)

24 hours 1 week 1 month 3 months 6 months 9 months 12 months

A
2 25.3 (1.9)Aa,b,c 22.5 (0.3)A,Bd 26.8 (0.8)A,Ba,b 27.1 (0.8)Aa 23.4 (0.3)Ac,d 23.9 (0.6)Ab,c,d 24.6 (0.4)Ab,c,d

3 25.2 (1.0)Aa,b 22.5 (0.3)A,Bc 26.8 (0.4)Aa 24.1 (1.9)A,Bb,c 23.1 (0.4)Ab,c 24.3 (0.2)Ab,c 24.7 (0.3)Aa,b

4 24.3 (1.3)Aa,b 22.1 (0.2)Bb 27.7 (0.5)A,Ba 21.9 (3.3)Bb 23.0 (0.4)Ab 23.8 (0.3)Ab 23.9 (0.7)Ab

5 24.2 (1.1)Aa 22.7 (0.1)Aa 27.8 (0.3)Bb 24.6 (1.1)A,Ba 22.5 (1.3)Aa 23.6 (1.1)Aa 24.3 (0.5)Aa

B
2 23.5 (1.3)Aa,b 19.9 (0.2)Ac 24.1 (0.8)Aa,b 25.2 (1.2)Aa 20.0 (0.9)Ac 22.0 (1.2)Ab,c 22.5 (0.4)Ab

3 22.8 (0.7)Aa,b 17.9 (0.4)Bd 24.0 (0.7)Aa 20.8 (1.8)Bb,c 18.7 (0.7)Ac,d 21.1 (0.5)A,Bb 22.4 (0.4)Aa,b

4 20.5 (1.6)A,Ba 17.2 (0.4)Cb 21.4 (0.4)Ba 17.4 (2.2)Cb 18.4 (1.1)Aa,b 19.5 (1.2)Ba,b 19.4 (0.5)Ba,b

5 17.4 (2.9)Ba,b 15.3 (0.2)Da 18.4 (0.3)Cb 16.5 (0.8)Ca,b 15.7 (0.3)Ba,b 16.8 (0.3)Ca,b 16.5 (1.1)Ca,b

C
2 93.0 (4.1)Aa 88.8 (1.3)Aa 89.8 (1.1)Aa 93.5 (6.5)Aa 85.2 (3.3)Aa 91.7 (2.7)Aa 91.6 (1.1)Aa

3 90.5 (1.7)Aa 79.8 (1.4)Bb 89.6 (2.4)Aa 86.4 (3.4)A,Ba 80.7 (2.1)Ab 86.6 (2.4)A,Ba 90.4 (1.1)Aa

4 84.7 (5.8)Aa 77.7 (1.8)Ba 77.2 (1.8)Ba 80.1 (9.8)B,Ca 80.1 (5.3)Aa 81.9 (4.3)Ba 80.9 (3.8)Ba

5 71.5 (9.8)Ba 67.5 (1.2)Ca 66.3 (1.3)Ca 66.9 (5.5)Ca 69.8 (4.5)Ba 71.6 (3.6)Ca 68.0 (4.7)Ca

SD = standard deviation.

*Within a column, values with the same upper-case superscript letter are not significantly different (p > 0.05, Scheffé’s test). Within a row,
values with the same lower-case superscript letter are not significantly different (p > 0.05, Scheffé’s test).
†Values expressed are Knoop hardness ratios ¥ 100.
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among thickness groups; however,
this was infrequent. For the
Vitremer bottom surface KH
values, two-way ANOVA identified
significant main effects
(p < 0.0001) with significant inter-
action (p < 0.0001). One-way
ANOVA indicated significant hard-
ness changes for all thicknesses
over time; however, at 12 months,
the KH for each bottom surface
thickness was not significantly dif-
ferent from its 24-hour value. For
four of the seven time groups, the
4- and 5-mm thicknesses were sig-
nificantly softer than the other
two groups. Two-way ANOVA of
Vitremer’s bottom/top KH ratios
indicated significant main effects
(p < 0.0001) but no significant
interaction (p = 0.055). No signifi-
cant difference was found between
the 24-hour and 12-month ratios
for any of the thickness groups.
One-way ANOVA identified sig-
nificant differences among the
thickness groups, but after 1
month there was no difference
between the 2- and 3-mm groups’
ratios. With the exception of the
3-month group, the hardness
ratios of the 5-mm thickness
group were significantly lower
than those of the other groups at
all time periods.

D I S C U S S I O N

The results of this study are com-
parable with those reported earlier
for RMGI materials,17–19 in that
top-surface hardness changes were

material dependent. Compared
with the results reported by Yap,17

this study found a similar top-
surface KH change for Fuji II LC
(decrease), but different results for
Vitremer (increase) and Photac-Fil
(decrease). Unlike the findings of a
12-month study by Ellakuria
et al.,18 our work reported different
overall top-surface hardness
changes between 24 hours and 12
months. The current study was
similar, however, to a 12-month
study by Kanchanavasita et al.,19 in
that top-surface hardness values
for Fuji II LC and Vitremer were
relatively stable over time.

A number of studies have evalu-
ated the depth of cure of RMGI
materials.13–15,22,23 Most of these
studies assessed the adequacy of
polymerization at various depths
from the surface of the tested
RMGI materials. Because a 2-mm
depth is often the recommended
maximum thickness for clinical
placement of these products prior
to light activation, it is suggested
that when tests for adequacy of
polymerization are performed, this
thickness be used. This is particu-
larly prudent when using materials
susceptible to light attenuation
such as those of a dark shade
and/or ones containing
organic pigments.

Studies of RMGI depth of cure
have used a number of different
methodologies. None of the studies

used the methodology employed in
this study, which measured hard-
ness changes over 12 months. The
results of our study are very
similar to those reported for Vit-
remer and Fuji II LC in a review
article by McCabe;13 however, they
are in stark contrast to the results
for 5-mm-thick specimens reported
by Swift et al.15 Greater values for
RMGI depth of cure have been
reported by Mount et al.,22 but
those authors used a scrape tech-
nique, unlike the microhardness
technique used in this study. The
conclusions reached by Mount
et al.22 for Fuji II LC and Vitremer,
however, are similar to those of
this report.

Using the KH methodology as an
indicator of changes occurring in
the RMGI materials was believed
to be a valid method in this study
for two reasons. First, with minor
exceptions, all specimens within
each specific RMGI material exhib-
ited similar top surface KH values.
Also, in cases where each material
exhibited a time-dependent top
surface hardness change, the effect
was similar in all specimens. The
relative stability of the top surface
hardness values allowed the estab-
lishment of a durable platform to
base the comparative evaluation of
hardness changes in the deeper
RMGI regions. Accordingly, the
stable top surface hardness plat-
form allowed and justified, under
the experimental conditions, using
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bottom/top KH ratios as a relative
indicator of RMGI change within
each material group. The authors
do caution overgeneralization of
the use of the KH ratios reported
in this study to that established for
resin composites. Additional
research is required with RMGIs,
especially correlated with infrared
spectroscopy results, before a spe-
cific KH ratio can be used as an
indicator of RMGI adequacy
of cure.

Each material’s bottom/top KH
ratios (Tables 2C, 3C, 4C) gener-
ally decreased with time and then
increased. This was particularly
true for the 4- and 5-mm speci-
mens. Fuji II LC exhibited signifi-
cant differences among the various
thicknesses at 24 hours, whereas
Vitremer showed a significant dif-
ference only for the 5-mm speci-
men group. Interestingly, no
significant difference among
sample thickness ratios was noted
for Photac-Fil at 24 hours. With
increased time, all materials dis-
played KH ratio stratification
according to specimen thickness.
This stratification was less appar-
ent, however, for the 2- and 3-mm
thickness groups of Fuji II LC and
Vitremer, as each demonstrated
similar KH ratios for their 2- and
3-mm specimens after 1 and 3
months, respectively.

Evaluating differences between
24-hour and 12-month bottom/top

KH ratios for the 4- and 5-mm
specimen groups indicates what, if
any effect, the chemically activated
resin polymerization and ongoing
polyalkenoate reaction had on each
material’s hardness. For Fuji II LC,
the 4- and 5-mm groups both
showed a significant increase in
hardness. With Photac-Fil, only the
4-mm group exhibited a significant
increase. Although the hardness
change in the deeper levels could
be indicative of a slow but ongoing
polyalkenoic acid/base reaction, the
hardness increase never
approached statistical similarity
with the 2-mm groups. Vitremer’s
4- and 5-mm groups showed no
significant change in hardness over
12 months, which suggests that
little, if any, additional chemically
activated resin polymerization or
polyalkenoate acid/base reaction
occurs in Vitremer when it is
inadequately light activated.

Although in this study we have
attributed the changes in post
light-activation hardness to the
presence of chemically polymeriz-
ing resins and a conventional poly-
alkenoate reaction, other factors
may also play a role. For example,
hardness may be affected by the
imbibition of water by the materi-
als, which may result in softening
from plasticization. Also, RMGI
hardness could be affected by ion
exchange reactions or dissolution
of phases that may form on the
material’s surface. Future research

should attempt to determine what
roles these post light-activation
factors may play. Future research
should also address the possible
difference between surface and
subsurface hardness of RMGI
materials. As specimen fabrication
involves compressing the surface of
the materials just prior to light
activation, it is possible that a
resin-rich layer forms on the
surface. If so, the hardness mea-
sured on the exposed surface may
not be a true reflection of the
materials’ actual hardness. In
future work, microscopic analysis
should be employed to determine
if, in fact, this layer forms.

In research, study design is both an
art and a science. Researchers
should always question their design
and seek ways to improve future
work. In this study, a source of
variability that may have affected
the results was the use of different
shades for the tested RMGI prod-
ucts. Although A2 was used for
Photac-Fil Quick and Fuji II LC,
A3 was used for Vitremer. This
was because of the fact that no A2
shade is available for Vitremer. In
designing the study today, we
would use a shade common to all
three materials to eliminate the
effect that shade differences may
have on the results. Specific batch
and lot numbers would also have
been recorded for future reference
should that have been deemed
necessary based on the results.
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C O N C L U S I O N

Under the conditions of this study,
it was observed that RMGI KH
changes over time, but specific
degrees of change are material
dependent. It also suggests that
certain RMGI materials demon-
strate a potential for post light-
activation chemically initiated resin
polymerization and/or polyalk-
enoate acid/base reaction; however,
this is also material dependent.
Based on the conditions of this
study, it is recommended that Fuji
II LC and Vitremer be placed and
photopolymerized in layers no
thicker than 3 mm to ensure that
setting from light activation is
maximized. Photac-Fil Quick
should be limited to layers of
2-mm thickness to ensure adequate
light-cure photopolymerization.
The nature and extent of post
light-activation reactions require
further research.
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