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Abstract: Light-curing units (LCUs) are often subject to clinician-determined factors such as infection
control barriers (ICBs) and different positionings of the light tip that may reduce their radiant expo-
sure. The objective of this study was to investigate the individual and cumulative effects of ICBs and
LCU positioning on light output. One LCU was used, in combination with five different ICBs and
five different distances and angles. ICBs were also tested when placed correctly to manufacturers’
guidelines, and with creases or seams obstructing the light tip. All variables were tested in isolation
and in combination with other variables. Measurements were taken from a laboratory-grade spec-
trometer, giving values of radiant exposure, irradiance and spectral emission. All ICBs, angles and
distances showed significant reductions in light output compared to the control (p < 0.001). With
increasing angle and distance, the light output was decreased further, with the greatest reduction of
80.6% from the control seen at 40° and 8 mm with an incorrectly placed ICB. When used with an ICB,
an increasing angle also showed a protective relationship on the light output. When ICBs are used or
when an increase in distance/angle is unavoidable, clinicians should consider compensating for the

loss in radiant exposure by increasing curing times.

Keywords: light-curing unit; efficiency; infection control barrier; angle; distance

1. Introduction

Light-curing units (LCUs) are used daily in almost every dental practice as they are
required for resin-based composites, luting cements and adhesives. The output from these
curing units is very important as insufficient light or an incorrect light wavelength can
mean that materials may not have their intended properties. This can lead to premature
failure due to marginal leakage, fracture or increased wear [1-6].

The measurement of the quality of light coming from these units was historically car-
ried out with dental radiometers. However, many studies have found that radiometers are
inherently inaccurate and can give varying results for the same light-curing unit [7-10]. This
is also due to the fact that radiometers tend to give a single average value, and therefore,
light beam inhomogeneity is not taken into consideration. Currently, the literature agrees
that light output should be measured by a laboratory-grade spectrometer as it takes into
account the wavelength of the light, irradiance at different points in time and radiant expo-
sure [11-14]. Additionally, information on the light beam profile of the curing lights should
be included in order to show any hot and cold spots as well as potential discrepancies in
the light quality received by different areas of the composite resin material [11]. Measuring
radiant exposure accurately is also clinically relevant as each brand of composite resin
needs to reach a certain radiant exposure to adequately cure, and studies have reported
that the majority of commercially available composite resins cure at 16 to 20 J /cm? [15-17].

LCUs are used intraorally, and therefore, they are classed as a semi-critical instrument,
meaning that they can cause the cross-transmission of infections between patients if not
sterilised properly. This is especially relevant with the present coronavirus (COVID-19)
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situation where people have become more aware of infection control protocols and their
importance [18]. Therefore, infection control barriers (ICBs), which are disposable mate-
rials, can be used to cover the light tip of curing units. However, various manufacturers
produce ICBs with different barrier thicknesses and opacities, and variation in placement
by clinicians may have an adverse effect on the light output, as ICBs can partially block the
light and increase its dispersion [19-24].

Along with ICBs, there are other factors controlled by the clinician that can have an
adverse effect on light output. The distance and angulation of the light tip to the surface
can also diminish the amount of light reaching the specimen. Past in vitro studies have
assessed the effect of distances of LCUs from the spectrometer sensor and reported that
an increase in distance caused a decrease in the radiant exposure [21,25-27]. The correct
positioning of the LCU also takes into account the tilt angle. A previous in vitro study has
shown that the deviation of a 20° curing angle from the perpendicular position resulted in
as much as a 31% drop in light output [21]. Clinically, the angle is a variable that is heavily
dependent on the design of LCUs and the location of the restoration [28-30]. Patients with
limited mouth opening, deep posterior restorations, and a bulky LCU can pose a greater
risk for placing the light tip incorrectly.

The current literature has assessed the individual effect of changes in the distances
and angles on the efficiency of LCUs. With the increase in the importance of cross-infection
control, using disposable ICBs has become a common practice. While it is acknowledged
that there may be some additional impacts of ICBs on the light output, there is still a
lack of well-designed in vitro studies using appropriate measurement methods to show
the cumulative effects of all these variables. Therefore, the objective of this study was
to investigate both the individual and cumulative effects of ICBs, distance and light tip
angulation on the quality of light output from a dental LCU.

2. Materials and Methods

The MARC patient simulator (BlueLight Analytics Inc., Halifax, NS, Canada) was
used to measure light output. It is a laboratory-grade spectrometer system integrated into
a phantom simulation head. It has a sensor positioned 1 mm deep between the maxillary
central incisors in a class III simulated restoration. All measurements were output to a
dedicated computer with values recorded for irradiance over time, radiant exposure as
well as the wavelength of the LCU.

A single LED LCU (SmartLite Pro, Dentsply Sirona, Charlotte, NC, USA) was used.
Light beam profile, wavelength and other relevant information was provided by the
manufacturer in order to properly assess this LCU—tip diameter: 10 mm; stated irradiance:
1200 mW /cm?; emission spectrum: 450-480 nm (peak at 465 nm); light source: modular
LED. The output stability of this LCU was measured prior to and during the investigation
to ensure that there was no significant loss of power over the experimental phase. It was
fully charged and activated for a 10 s curing time and repeated 20 times without recharging
to measure the stability of the output.

Five different ICBs (Pinnacle Cure Sleeve, CMS Dental Sleeve, Aluro Camrex Dispos-
able Sleeve, Dentsply SmartLite Sleeve and cling wrap) were used. Each barrier was first
fitted according to the manufacturer’s instructions, and then again fitted incorrectly with
seams or creases over the light tip to simulate possible clinical situations (Figure 1).

Light output was measured at distances of 0 (control), 2, 4, 6 and 8 mm from the
top surface of the anterior sensor. As the anterior sensor was positioned 1 mm deep, the
control represented 1 mm, and there was a 2 mm increase every increment for testing.
These distances were chosen as they are readily seen in clinical situations. For example,
0 to 2 mm represents anterior restorations, whereas 4 mm is an average depth of a class I
occlusal restoration, and 6 to 8 mm can be seen in a posterior class II cavity. Distances were
standardised using a custom-made LCU mount that stabilised the light tip at the specified
distance for all repeated tests (Figure 2).
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Figure 1. Examples of five different ICBs placed correctly (above) and incorrectly (below) on SmartLite
Pro LCU: (a) Pinnacle Cure Sleeve, (b) CMS Dental Sleeve, (c¢) Aluro Camrex Disposable Sleeve,
(d) Dentsply SmartLite Sleeve and (e) cling wrap.

Figure 2. (a) MARC spectrometer with custom jig mount, (b) adjustable arm holding the SmartLite
Pro LCU, guided to the sensor with the custom jig, (c) interchangeable custom-made silicone jigs to
fit the larger template (shown in (a)) to standardise all tested angles.

Output was measured at different tilt angles of 0 (control), 10, 20, 30 and 40 degrees
from the perpendicular position to the anterior sensor. These were standardised by using
clear silicone jigs (Exaclear, GC, Tokyo, Japan) which were custom made to fit the LCU at
each angle (Figure 2c).

The control used was light output from the LCU at a distance of 0 mm, a tilt angle
of 0° and used without an ICB. Variables were compared against the control, as well as
barriers, angles and distances being tested in conjunction with each other, to determine
both the individual and cumulative effects of these variables.
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Statistical analysis was undertaken with SPSS (version 26, IBM, Armonk, NY, USA).
All variables were measured over a curing time of 10 s, and 10 repeats of each test were
carried out. A Kruskal-Wallis stepwise step down analysis of the data was carried out
for pairwise comparison, with multiple Mann-Whitney U tests to determine significance
between groups. The significant level of difference was set at p < 0.05.

3. Results

Atbaseline, with a fully charged battery, the SmartLite Pro LCU was outputting a mean
irradiance of approximately 1290 mW /cm? and a radiant exposure of 13.1 ]J/cm?. Through-
out testing, the output stability was regularly assessed under the above-mentioned control
conditions, and it showed no significant reduction in light output throughout testing.

When ICBs were placed according to manufacturers’ instructions, different ICBs
reduced the light output by 0.6 to 1.5 ]/cm? and with a 5 to 11% reduction compared to
the control (p < 0.001) (Figure 3). Pinnacle Cure Sleeve was the most opaque barrier tested
and showed the largest decrease in the mean radiant exposure of a group that had correctly
placed barriers at 0° and 0 mm from the sensor. At this position, the ICB with the least
effect on radiant exposure and mean irradiance was cling wrap, followed closely by the
Aluro Camrex Sleeve and the SmartLite barrier. However, with an increase in distance to
8 mm, the SmartLite barrier had a much more marked effect on light output and showed
the biggest reduction at this distance (Figure 3).

— 0mm
-~ — 8mm

Mean Radiant Exposure (J/cm?)

Control - No ICB Pinnacle Cure Sleeve CMS Dental Sleeve Dentsply SmartLite Cling Wrap Aluro Camrex Sleeve

Figure 3. Box plot comparing ICB mean radiant exposure after 10 s (J/cm?) of correctly placed ICB
groups at 0 mm against each other, and against ICB groups at 8 mm.

Placing each barrier incorrectly, there was a further reduction of 3.7% for the SmartLite
barrier and 2.8% for cling wrap (p < 0.001). However, there was a slight increase in light
output for the Pinnacle Cure Sleeve, CMS Dental Sleeve and Aluro Camrex Sleeve by 2.1%,
4.9% and 1.2%, respectively (p < 0.001) (Table 1).

Table 1. Radiant exposure (J/cm?) and percentage difference correct vs. incorrect ICB groups.

ICB Correct Incorrect Difference % Difference
Control—No ICB 13.12 n/a n/a n/a
Pinnacle 11.59 11.83 0.24 2.1%
CMS 11.76 12.34 0.58 4.9%
SmartLite 12.31 11.85 —0.46 —3.7%
Cling Wrap 12.48 12.13 —-0.35 —2.8%
Aluro 12.29 12.44 0.15 1.2%

Distance as an individual variable showed a significant reduction in light output at
every tested distance compared to the control (p < 0.001). The initial increase of 2 mm from
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the control gave a significant reduction in light output with a 12.4% loss of radiant exposure
when distance was assessed in isolation (Table 2). However, this increased to 16.5% when
looking at 2 mm distances across all test groups over every angle and ICB. The largest total
decrease in radiant exposure occurred at 8§ mm, which, over all test groups, showed an
average of 47.5% reduction in radiant exposure (Table 2).

Table 2. Radiant exposure after 10 s (J/cm?) at control, and percentage reduction against the control
with increasing distances per correctly placed ICB groups.
Distance = Radiant Exposure = Control—No . . Cling o Mean.
(mm) at Control ICB Pinnacle CMS SmartLite Wrap Aluro /11 ﬁeductlon
Groups
0 13.12 n/a n/a n/a n/a n/a n/a n/a
2 11.50 —12.4% —17.0% —10.4% —12.5% —10.1% —19.3% —16.5%
4 10.88 ~17.1% ~223%  —154%  —23.0% = —194% = —257% ~26.4%
6 9.80 —25.3% —38.1%  —29.6%  —425% = —357%  —32.0% —37.5%
8 8.93 —31.9% —51.2% —47.8% —58.9% —47.7% —41.3% —47.5%
The effect of increasing angle was seen to be statistically significant at every angle
compared to the control (p < 0.001). The biggest decrease in radiant exposure was seen
when increasing the angle from 30 to 40°, with radiant exposure dropping by 2.25 J/cm?
(Table 3). An increase of 40° from the control (0°) showed a total energy decrease of almost
40% (p < 0.001) (Table 3). Across all test groups, an increase in the angle always caused a
reduction in light output. With increasing angle, across all ICBs, the smallest reduction was
a 4.7% drop in radiant exposure at 10°. The effect of angle increase on radiant exposure
was not linear and tended to vary between different angulations. The increase in angle
from 20 to 30° often showed the smallest decrease in radiant exposure across test groups
(Table 3).
Table 3. Radiant exposure after 10 s (J/cm?) at control, and percentage reduction against the control
with increasing angulation per correctly placed ICB groups.
. . Mean %
Angle (°) Radiant Exposure  Control—No Pinnacle CMS SmartLite Cling Aluro Reduction
at Control ICB Wrap
All Groups
0 13.12 n/a n/a n/a n/a n/a n/a n/a
10 11.57 —11.8% —7.8% —1.0% —3.4% —2.0% —1.5% —4.7%
20 10.29 —21.6% —19.2% —10.2% —12.0% —6.2% —7.6% —13.8%
30 10.23 —22.0% —15.8% —12.2% —19.6% —8.8% —10.2% —19.2%
40 7.98 —39.1% —37.0% —35.6% —32.0% —24.3% —29.7% —36.7%

The presence of an ICB decreased the adverse effect of increasing tip angulation on
radiant exposure (Table 3). For the 10° angulation group without an ICB, there was an 11.8%
reduction in radiant exposure, whereas with an ICB, the reduction in radiant exposure
ranged from only 1 to 7.8% (Table 3). This trend was seen for all tip angulations, where the
control group without the ICB consistently showed a greater reduction in light output per
angle compared to the ICB groups.

Almost the opposite effect was seen when looking at ICBs’ effect on the reduction in
light output with increasing distance. With an increase in distance from 0 to 4 mm, there
was a trend showing an exacerbated effect of ICB on the reduction in radiant exposure, with
the exception of the CMS barrier (Table 2). This trend was more established at 6 mm and
8 mm, with a consistently greater decrease in ICB groups compared to those without an
ICB. This trend showed that with increasing distance, ICBs were seen to further exacerbate
the effect of distance on light reduction.
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Data on the cumulative effect of angle, distance, and infection control barriers were
also gathered in this study. Compared to the control, the correctly placed Pinnacle Cure
Sleeve at a distance on 4 mm and angulation of 20° showed a cumulative decrease of
5.33 J/cm? (Table 4). When looking at the impact of these factors individually, the ICB
showed a 0.84 J/cm? decrease, 20° angulation had a 1.21]/ cm? decrease, and a distance
of 4 mm had a 1.57 J/cm? decrease. The combined effect of these variables in isolation
was 3.62]/ cm?, which was less than the cumulative effect when all the variables are seen
together. This trend was seen at every angle and distance for the Pinnacle barrier and
for cling wrap, in which the cumulative effect of the variables was always greater than
the combined individual effects. For all other barriers, there was no consistent trend seen
(Table 4).

Table 4. Effect of individual factors on radiant exposure after 10s (J/ cm?) combined, compared to
the cumulative effect of all test variables.

ICB/ . Combined .
Angle/ ICB Angle Distance Effectof  Cumulative Difference
. Effect  Effect Effect Individual Effect
Distance .
Variables
Pinnacle/10°/2 mm 0.38 0.50 1.56 2.44 4.00 1.56
Pinnacle/20° /4 mm 0.84 1.21 1.57 3.62 5.33 1.70
Pinnacle/30° /6 mm 1.76 1.44 4.04 7.24 7.40 0.16
Pinnacle/40°/8 mm 1.40 1.88 3.53 6.81 9.35 2.54
CMS/10°/2 mm —0.80 0.25 1.35 0.80 2.83 2.03
CMS/20°/4 mm 0.95 2.27 2.88 6.10 5.44 —0.66
CMS/30°/6 mm 1.23 2.03 4.07 7.33 6.87 —0.46
CMS/40°/8 mm 1.67 2.77 4.08 8.52 9.62 1.10
Aluro/10°/2 mm —-1.00 —0.57 1.62 0.05 2.63 2.58
Aluro/20° /4 mm 0.25 0.88 2.98 411 4.74 0.63
Aluro/30°/6 mm 1.29 2.17 4.85 8.31 6.93 —1.38
Aluro/40° /8 mm 0.81 2.86 4.29 7.96 8.77 0.81
SmartLite/10° /2 mm —0.46 0.83 1.95 2.32 3.17 0.85
SmartLite/20° /4 mm 0.95 1.80 3.14 5.89 5.43 —0.46
SmartLite/30° /6 mm 1.72 1.32 4.13 7.17 7.35 0.18
SmartLite/40° /8 mm 0.78 0.68 3.99 5.45 8.74 3.29
Cling Wrap/10°/2mm  —1.40 0.32 1.33 0.25 2.22 1.97
Cling Wrap/20°/4mm  —0.12 1.32 2.96 4.16 4.37 0.21
Cling Wrap/30°/6 mm 0.19 0.73 4.08 5.00 5.83 0.83
Cling Wrap/40°/8 mm 0.42 1.78 4.70 6.90 8.37 147

4. Discussion

The hypothesis of this research was that the presence of an ICB in conjunction with
the increase in distance and angle from the sensor would have significant individual and
cumulative diminutive effects on the quality of light output from the LCU. This hypothesis
can be accepted as when compared to the control, there was a statistically significant
reduction in light output at every test variable.

LCUs when used with an ICB significantly reduced radiant exposure. This was in
agreement with other literature showing similar results with light reduction when using
ICBs [19,24]. Variations in light reduction between different barriers may be attributed to
different barrier thicknesses, opacities, and materials. The opaquest barrier, Pinnacle Cure
Sleeve, showed the greatest reduction in radiant exposure at the control position, whereas
cling wrap showed the least. Increased opacity leads to less light penetrating through the
barrier, and hence, less light reaching the sensor. Barrier thickness is also a contributing
factor, which can also be seen with other clear barriers also showing a significant reduction
in light output [31-33].
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There is a risk that ICBs are not placed according to manufacturers’ instructions, and
creases or seams may be placed over the tip. In the current study, the results showed the
inadequate placement of the ICB did not always cause a further reduction in light output.
In the case of the CMS Dental Sleeve, there was an increase in light output of 4.9% when
placed incorrectly compared to correctly. This could possibly have been due to an increased
refraction of light. As the SmartLite Pro light tip was convex, this feature might have
diverged the light away from the sensor, and a seam of the ICB might have encouraged
more light to converge towards the sensor. This result was contradictory to other research
which found a consistent further decrease in light output when the barrier was placed
incorrectly [24]. As it was not possible to quantify how incorrectly a barrier was placed,
the degree to which seams or wrinkles played a role in affecting light output was difficult
to measure. However, increasing barrier thickness has been shown to have a diminutive
effect; thus, clinicians should be aware of this when placing ICBs [32].

An increase in distance from the resin-based composite material is arguably the most
commonly seen factor in light curing [21,26]. As an individual variable, there was a
significant reduction in radiant exposure at all investigated distances. Distance across all
groups showed a fairly linear reduction, with around a further 10% decrease in radiant
exposure with every 2 mm increase, after the initial 16.5% decrease from 0 to 2 mm (Table 2).
Similar trends were seen in another study regarding the impact of increasing the distance
of LCUs [26]. The diminutive effect of distance on radiant exposure was mostly due to the
divergence or spread of the light beam, thus resulting in less light ultimately reaching the
sensor [25].

Distances of 8 mm can be frequently encountered in restorative dentistry [34]. Almost a
50% reduction in radiant exposure was found at this distance, and therefore, the curing time
needed to increase from 12.4 s to over 20 s to reach 16 J/cm?. This shows the importance of
why clinicians must be aware of the adverse effect of increases in LCU distances so that
they compensate for this in the curing time.

The results in the current study suggested that the effect of distance on radiant ex-
posure could be further exacerbated by the presence of an ICB. As the increase in the
distance reduced light output by the increased divergence of the light beam, ICBs may
enhance the spread of the light beam, causing more light to miss the sensor. Along with
blocking the light, these influences on the radiant exposure showed a significant loss of
light compared to the control. A further decrease with ICBs was in line with results seen
in the past literature, with one article reporting an additional 7 to 10% loss of light output
with ICBs [21].

Light tip angulation was also investigated and showed significant reductions at all
angles. Altering the angle of the light tip is often seen in the clinical situation but is often
easily overlooked. When working on posterior teeth, it can be difficult to use the LCU
at a perpendicular angle due to reduced mouth opening, bulky LCUs or hard-to-reach
restorations. At an angle of 10°, a reduction of 11.8% from the control was observed, which
showed a further reduction to almost 40% loss at a 40°. This demonstrates the amount
of light that is missing the sensor and consequently the composite resin material when
the angle is increased. However, the amount of light missing the sensor is not the only
issue when dealing with light tip angulation. Often, the curing surface is not as smooth as
the sensor in this investigation was, and thus, shadows can form in the undercuts created
by the tip angle [35]. These shadow areas will often be at the margins of the composite
restoration, possibly having detrimental effects on the radiant exposure these areas receive.
Sometimes, an increase in tip angulation is unavoidable in clinical situations. In these cases,
the clinician should recognise the potential shadows and light decrease that may occur and
perform additional curing from another position for an adequate time that allows sufficient
radiant exposure for all aspects of the composite resin material.

When used in conjunction with ICBs, the changes in the angle showed less reduction
between incremental increases in the angle. This was consistent across all ICBs. In some
cases, the ICB showed a “protective” effect on the radiant exposure at certain angles
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compared to the control. This relationship has not been reported in the prior literature. A
possible explanation of this may be that the speed of light will decrease when entering
the plastic material, and thus can show a change in direction if the incidence angle is not
perpendicular. This may refract the light, giving a more converging angle and allowing
more light to reach the sensor. One limitation of this study was that only one LCU was
investigated, the Dentsply SmartLite Pro, which has a convex light tip. The possible
protective effect of ICBs may not be seen with other LCUs with varying light tips and light
beam profiles, and further research is needed to see if this observed effect can be generalised.

Distance, angle and ICBs have been shown to cause statistically significant reductions
in light output when observed in isolation. However, the cumulative effect of all three
test variables together has not been reported in the past literature. This study aimed to
investigate whether the combined effect of these variables individually showed a greater or
lesser reduction in radiant exposure than the cumulative effect of variables together. This
was achieved by assessing the effect of each variable in isolation and comparing it to the
effect of all variables seen together. The observed effect for one of the ICBs (Pinnacle Cure
Sleeve) showed a consistently greater effect of the cumulative variables compared to the
combined individual variables (Table 4). This demonstrates that these factors possibly act
to exacerbate one another, giving a greater diminutive effect when seen together. This trend
was seen at every angle and distance for the Pinnacle barrier and for cling wrap, in which
the cumulative effect of the variables was greater than the combined individual effects.
Across all other barriers, there was no consistent trend where the cumulative variables
showed a greater effect or vice versa (Table 4). At the greatest investigated angle and
distance, combined with the presence of the Pinnacle ICB, radiant exposure decreased by
over 70%. Any significant decrease in the light output is clinically relevant as it can result in
the inadequate polymerisation of composite resin restorative materials, which will lead to
the deterioration of restorative margins and reduced mechanical properties of restorations,
requiring patients to have the treatment repeated due to failure [5]. Increases in curing
time will be needed to compensate for this loss, and curing for this length of time will
the increase chair time for these procedures and also may induce implications for pulpal
health [36].

The limitations of this study include the fact that only one LCU was tested, as well
as only a handful of the ICBs currently available on the market. However, there is still
clinically significant value in this study, as several combinations of commonly encountered
variables controlled by clinicians such as distances, angles and the usage of ICBs with LCUs
have been assessed. While the standardisation within the testing phase of the current study
included a single operator with blue blocker glasses using a stable mechanical arm to hold
the LCU and custom jigs to guide the light tip and standardise the angulation, there is a
minor risk that some minimal movement of the LCU may have occurred when the button
was pressed to begin the curing cycle. A possible recommendation for future studies is the
development of remote activation to allow the LCU to be fixated at all times.

Future studies should observe the relationship between cumulative variables of angle,
distance and ICBs and their effect on light beam profiles. As cling wrap was shown to have
the least effect on light output, research should also be carried out regarding the efficacy of
cling wrap as an infection control barrier to investigate whether a single layer of cling wrap
is sufficient for cross-infection control.

5. Conclusions

This research is significant, as reduced radiant exposure from these clinician-determined
variables has the potential to cause increased the failure of restorations. Within the limita-
tions of this study, it can be concluded that:

e  When ICBs are used or when an increase in distance/angle is unavoidable, clini-
cians should consider compensating for the loss in radiant exposure by increasing
curing times.
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e  The increased opacity and thickness of ICBs reduces radiant exposure to a greater
extent. When opting to use ICBs for infection control, a thinner, clear barrier has less
effect on light output.

e  Manufacturers’ guidelines should be followed in regard to the radiant exposure
needed to cure particular resin-based dental materials. LCUs should also be tested
regularly with a laboratory-grade spectrometer to ensure adequate radiant exposures
are being produced.

This research can be used to inform clinical practice guidelines on the use of LCUs
and ICBs to aid clinicians in obtaining adequately polymerised dental materials.
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