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CARIES PREVALENCE

Dental caries imposes a burden worldwide and is considered the most widespread
non-communicable disease.! According to the American Academy of Pediatric
Dentistry,? caries in children is five times more prevalent than asthma. Forty-five percent
of children ages 5 to 17 have caries, and the problem is particularly severe among
specific populations such as low-income children. Although a great decline in dental
caries prevalence is noted in high-to-middle-income countries, the burden of dental caries
is increasing.’ The increased global burden of dental caries is mainly attributed to an
amplified number of retained teeth throughout the world from 1990 to 2010, population
growth and longevity.?

Even though evidence is limited from systematic reviews of the epidemiology of
dental caries worldwide, the prevalence is great.* Untreated dental caries in permanent
teeth was the most prevalent condition reported globally in 2010.° Untreated dental caries
presents a biological, social and financial burden on individuals and healthcare systems.’
According to the World Health Organization (WHO), caries is considered the fourth most
expensive chronic disease to treat, with a projected spending of $122 billion in the US
alone in 2014 (Centers for Medicare and Medicaid Services 2011).° If left untreated,
dental caries can cause pain and infection degrading the quality of life for both adults and
children, who manifest lower productivity, poorer school attendance and decreased

overall performance.’



The role of dental practitioners is to help patients to control their caries disease
process. Early detection enables dentists to assess caries lesions before they progress to
cause cavitation, pain, and eventually tooth loss, which could force the patient to seek
urgent treatment for impairment of masticatory function, speech, and esthetics.®
Therefore, early detection of non-cavitated lesions is essential to shift treatment decisions

towards preventive (non-invasive) rather than restorative (surgical) modalities.

WHITE SPOT LESIONS/NON-CAVITATED EARLY LESIONS

White spot lesions or non-cavitated early lesions represent the initial clinical
observation of caries. They occur due to acid diffusion through the enamel surface,
demineralizing the enamel subsurface, but leaving the surface layer intact.” If
demineralization continues, then the progression of the lesion eventually causes the
enamel surface to collapse, creating cavitation.”® Clinically, these white spot lesions lose
the translucency of normal enamel due to altered light properties, resulting in a white
“chalky” appearance, especially when dehydrated.” The surface layer is fragile and easily
damaged, and the increase in porosity of the subsurface renders it susceptible to staining.
The reduction in density of the subsurface results in a change in the refractive index of
the affected area, with increased surface roughness, loss of luster, and alteration in
internal reflection. The overall result is an increased visual opacity of the enamel,'® which

may be detectable by radiography, transillumination, and laser-detecting devices.



CARIES LESION SEVERITY AND ACTIVITY

The terminology related to caries detection and diagnosis is often confusing in the
literature. For this reason, it is essential to distinguish these terms. Pitts!! suggested that
“caries lesion detection” refers to methods by which the presence or absence of the
disease is determined. As opposed to the conventional belief, caries is not a continuous
process, but alternates between periods of activity and inactivity. When the outcome of
these processes over time is a net loss of minerals, the lesion develops or progresses. On
the other hand, if mineral deposition dominates, lesion progression is arrested.!? Nyvad et
al.!? introduced clinical criteria for caries detection and activity assessment. Caries lesion
activity is determined by surface texture and reflectivity. Rough, chalky lesions are
considered to be active, while hard, smooth, and shiny lesions are characterized as
inactive. Nyvad et al.!® verified this theory with a three-year longitudinal study, which
showed high predictive ability of these caries detection and activity assessment criteria.

There is a consensus among recognized cariology experts that detection of caries
lesions and determination of their severity are not enough to reach an accurate
diagnosis.!!"16 Active non-cavitated lesions are at a 60-percent higher risk of progression
to cavitation than inactive lesions.!*!7 Determination of caries lesion activity is important
to stop lesion progression. Incorrect diagnosis, whether a lesion is active or
inactive/arrested, can easily result in improper treatment decisions, specifically regarding

irreversible surgical treatments.



SURFACE LAYER THICKNESS

Kidd'"® studied enamel caries lesions in teeth extracted from young patients for
orthodontic purposes and lesions in teeth extracted from patients over 65 years for
periodontal reasons. They pointed out that the main histologic differences between young
and old lesions were in the prevalence and position of the dark zones. The high
prevalence of laminations within the body of old lesions indicates temporary arrest of the
caries lesion. The author concluded that active lesions present thin surface layers
compared with older, arrested lesions. Ekstrand et al.!” noted that there is a strong
correlation between histologic depth of the lesion and visual criteria in active lesions.
They concluded that clinicians can detect caries lesions and predict their activity and
severity based on visual and tactile examination, similar to previous findings.!?

In 1979, Ten Bosch?® implemented a non-destructive method using light
scattering to obtain semi-quantitative information suitable for monitoring the
demineralization and remineralization processes. The results of the study indicated that
deeper lesions caused drastic change in light flux. In a later in-sifu study, Arends et al.?!
compared 10 different experimental techniques, including microradiography, polarized
light microscopy, and light scattering, to assess the amount of enamel de- and re-
mineralization. Transverse microradiography (TMR) was the most practical and most
widely accepted direct technique, while light scattering and microhardness tests proved to
be acceptable as indirect techniques. Jones and Fried 22 indicated that the thickness of the
surface layer/zone increased for the lesions exposed to the fluoride remineralization
solution when tested by TMR. Neuhaus et al.!* employed optical reflectivity, using an

experimental optical sensor, in the determination of caries. They found significantly



lower values in optical reflectivity of active lesions when compared with inactive lesions.
Jaruszewski?} confirmed with a scanning white-light interference microscope that the
surfaces of active lesions had high porosity and more than ten-fold greater roughness than
inactive lesions, which exhibited almost no porosity.

Several studies investigated the surface layer thickness (SLT) of enamel lesions,
but none of them managed to assess differences in SLT between active and inactive early
enamel lesions.?*?® An in-vitro study by Kielbassa et al.?* indicated that the mean surface
layer in artificial lesions of bovine enamel is 15 um to 16 um, measured by
microradiography. This average was smaller compared with other studies. Meyer-
Lueckel et al.?® reported a mean of 30 um to 40 pwm in natural proximal enamel lesions
using laser scanning microradiography for imaging, but 29 percent of the measured
surface layers were over 50 um. According to Cochrane et al.,?® the thickness of the
surface layer in natural proximal enamel lesions, measured by four methods of
calculation, ranged from 35 um to 130 pum. The majority was 35 um to 60 um with no
significant difference between active and inactive lesions, although active and inactive
lesions showed different levels of mineral content.?® Active lesions had less mineralized
and more porous surface layers than inactive ones.? Shahmoradi and Swain?’ used x-ray
micro-computed tomography (LCT) imaging, a modified version of medical computed
tomography imaging, which can attain higher resolution images and good analytical data
to measure the surface layer of natural enamel lesions in fissures and proximal surfaces.
They found that fissural lesions had a surface layer thickness ranging from 0 um to 137
um with a mean of 85 um, while proximal lesions had a range of 0 pm to 90 pum with a

mean of 56 um. Another study compared the surface layer thickness of natural white spot



lesions (WSL) with brown spot lesions (BSL) using pCT imaging.?® BSL are presumed
as arrested and partially remineralized, possibly attaining the brown stain through surface
absorption of organic materials and minerals.?® The study found that the SLT of WSL
ranged from 0 pm to 90 um, while BSL ranged from 20 pum to 250 um, with averages of

51 wm and 79 pum respectively.?®

GAPS OF KNOWLEDGE

There is no consensus on definitive indicators to assess caries activity, and the
current clinical assessments are a “guess-estimate” at best. The most commonly used
methods of lesion assessment are comprised of visual and tactile examinations, which are
prone to subjective bias. Furthermore, they are limited to exposed surfaces, and potential
damage from sharp instruments to the intact surface layer may occur.?’*° Non-destructive
optical methods, such as quantitative light-induced fluorescence (QLF) and optical
coherence tomography (OCT), can be utilized in conjunction with visual observation,
which would give them the advantage of simplicity and ease of understanding.?!

The ideal and most appropriate method for caries activity determination is
through longitudinal assessment, where lesion progression is assessed multiple times over
a period of time.!¢ As previously mentioned, there are some clinical signs to predict
caries activity at the time of examination.!?*!32 Assessment of lesion activity in a single
examination is difficult and requires training and calibration. Even with training, clinical
assessment is based on the presence or absence of multiple risk parameters, and the
examiner’s subjective opinion of their relative importance, as no single indicator is

sufficient to assess activity alone.’!



The visual appearance of non-cavitated early lesions perceived as dull or shiny
serves as an indicator to caries lesion activity assessment.** Non-cavitated early lesions
differ in color than the surrounding normal enamel due to the effect of increased porosity
on the refractive index. Air drying removes water from pores, leaving only air in partially
demineralized enamel, resulting in the white chalky appearance. Longstanding lesions in
the oral cavity tend to pick up exogenous stains. One of the earliest investigations on
browning of caries lesion in the 1950s centered on the amino-acids released during
proteolysis during cavity formation (the “chelation theory”).3* Driezen and Spies
attributed the browning of tooth structure to melanin formation or a “Maillard reaction,” a
non-enzymatic browning.>* These pigments could form within the carious lesions, though
external pigmentation is another possibility or co-factor. Uptake of food chromogens on
the tooth surface or acquired pellicle into carious lesions through pores during the caries
process has been demonstrated in vivo by Kidd et al.*® Several studies discussed the
validity of staining, especially marginal discoloration adjacent to existing restorations, in
the diagnosis of secondary caries as it is not considered a valid criterion for the diagnosis
of secondary caries and prediction of demineralization.’®*® Brown and yellow stains are
an inconclusive variable in the detection and diagnosis of carious lesions; therefore, we
attempted to eliminate the color variable from this study. Intrinsic and extrinsic
chromogens fall under two categories: organic compounds with conjugated double bonds
and metal-containing compounds. Bleaching performed by hydrogen peroxide or sodium
hypochlorite involves an oxidation reaction with the double bonds resulting in a lighter
color compound.*® Bleaching of hypomineralized enamel lesions by sodium hypochlorite

was effective clinically and in vitro.’’-%



A few studies have suggested that the thickness of the enamel surface layer might
be associated with caries activity.!$22404! The current gold standard assessment methods,
such as polarized light microscopy (PLM) and transverse microradiography (TMR),
require destruction of the tooth specimen, rendering these methods unusable in clinical
settings. Enamel surface porosity is suggested as the reason behind the change in QLF
variables over time during the first few seconds of dehydration. QLF has been shown to
discriminate between active and inactive lesions, but has not been correlated with surface
layer thickness.*? Therefore, the main purpose of this study is to assess the surface layer
thickness of active and inactive lesions and also determine if a correlation exists between

surface layer thickness and caries activity.

SPECIFIC AIMS
The aims of this study are to:

1. Investigate if the average surface layer thickness measurement relates to
visual/tactile caries activity assessment.

2. Investigate if there is an association between the thickness of the surface layer
measured by uCT and the caries activity determined with QLF during
dehydration.

3. Investigate if visual and tactile activity assessments correlate with the values for
surface roughness (Ra) measured by optical profilometry.

4. Determine the lesion severity by comparing lesion volume and maximum depth

measured by uCT.
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HYPOTHESES

1. Visual/tactile (V/T) active caries lesions present thinner surface layers than V/T-
inactive lesions.
Null Hypothesis (1): V/T active caries lesions do not present thinner surface
layers than V/T inactive lesions.

2. There is an association between the surface layer thickness and activity
determined with QLF during dehydration.
Null Hypothesis (2): There is no association between the surface layer thickness
(measured with pCT) and activity determined with QLF during dehydration.

3. Visual/tactile (V/T) active caries lesions present rougher surfaces than V/T-
inactive lesions.
Null Hypothesis (3): V/T active caries lesions do not present rougher surfaces

than V/T- inactive lesions.
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VISUAL AND TACTILE EXAMINATION/INTERNATIONAL
CARIES DETECTION AND ASSESSMENT SYSTEM (ICDAS)

Development of new technologies may provide supplemental benefits to clinical
caries detection. These methods of assessment would only be meaningful if they can
acquire measurements to quantify initial and subclinical lesions.!! Early caries lesions
amenable to preventive caries treatment are usually better detected by visual and tactile
examination. Hence, the dental profession places a great reliance on meticulously
exercised clinical visual/tactile caries examination, which requires assessment of lesion
activity and surface integrity. In order to select the appropriate treatment course for caries
intervention, it is necessary to distinguish between active and inactive, and between
cavitated and non-cavitated lesions. The criteria in visual/tactile examinations focuses on
those essential aspects stated in Nyvad’s criteria,'> which are widely recognized as suited
for clinical practical settings. Nyvad’s criteria of visual and tactile examinations are
simple to use. Furthermore, they have provided a direct connection between the clinical
presentation of the caries lesion and the treatment of choice. This has facilitated clinical
caries-related treatment decisions by dental clinicians worldwide.

The International Caries Detection and Assessment System (ICDAS) was first
introduced in 2002 based on a systematic review of literature on caries detection systems
published by Ismail* to provide a scientific evidence-based system.** The purpose of
this system is to allow a standardized method of data collection in different clinical

settings and better comparison grounds among studies. The net result is to provide a
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better understanding of caries among different populations at an individual level.**
ICDAS-I was devised in 2003 on the principle that visual and tactile examination should
be carried out on a clean dry surface and sharp explorers are to be replaced with a ball-
ended probe to avoid iatrogenic destruction of brittle enamel surfaces. Finally, [CDAS-II
modification incorporated the introduction of codes that can reflect the increased severity
of the caries lesions.* Several studies were conducted to substantiate the reproducibility
and diagnostic accuracy of the ICDAS-II in caries detection at varying stages of disease
progression,!731:3246-49 After a short period of training, one in-vitro study found a
moderate to strong correlation with histological extents of the lesions along with
improved sensitivity of visual examination among non-expert practitioners.*® Another
study showed good inter- and intra-examiner reproducibility and validity among non-
trained examinations of occlusal caries.*’

Lesion activity assessment (LAA) depends on assembly of the knowledge gained
from ICDAS determination of the lesion’s clinical appearance and other criteria that may
provide predictive value in activity status determination. Each criterion would receive a
point and the summation of these points is judged at a cutoff point. A review?! indicated
that if construct validity is accepted as a gold standard, it would be possible to assess
lesion activity status at a single examination using information obtained from multiple
indicators, such as visual appearance of the lesion, tactile sensation of the surface of the
lesion, location of the lesion, and gingival health. Activity cannot be determined through
a single predictor, but the summation of the knowledge gained from various predictors
increases the accuracy of activity assessment in primary coronal and root lesions.!

Predictive validity of activity assessment associated with ICDAS criteria on primary teeth
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was demonstrated by a two-year cohort study on occlusal lesions only, but not on smooth
surfaces.!” Tikhonova et al.*® published a study in 2014 comparing reproducibility and
diagnostic outcome of ICDAS-II + LAA and Nyvad’s criteria among non-experienced
dental practitioners. Both systems showed high reproducibility in regard to lesion
severity. A higher prevalence of active cavitated lesions with the ICDAS-II + LAA than
those with the Nyvad system was noted. This finding is in agreement with a previous
study reporting that ICDAS-II + LAA system overestimates active cavitated lesions when
compared with Nyvad’s criteria in primary teeth.*?

The ICDAS system has presented moderate to good performance in terms of
sensitivity and specificity for occlusal lesions (0.63 to 0.82 and 0.63 to 0.94,
respectively).*#¢ As for proximal lesions, ICDAS has shown good inter-examiner
reproducibility and a performance comparable to occlusal lesions in vitro.>? However, its
sensitivity was low in in-vivo studies.*” Although in-vivo studies on proximal surfaces are
limited, the previous study supports the use of ICDAS + LAA system along with
technology-based caries detection methods.*

MICROCOMPUTED TOMOGRAPHY VALIDITY AS
A GOLD STANDARD METHOD

X-ray computed tomography (CT) was first introduced in the early 1970s. It was
successfully implemented in the practical field in 1972 by the English engineer G.N.
Hounsfield. Advanced imaging technology has developed since then and revolutionized
the practice of medicine. The images are collected from various angulations, and are then
reconstructed, producing three-dimensional spatial distribution maps of the dense

material within attenuated materials.>® A conventional radiograph is limited to a two-
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dimensional image, which superimposes the summation of material attenuation along the
path of the x-ray. In contrast, a CT scan image produces a three-dimensional voxel
image. Microcomputed tomography (uCT) was developed in the early 1980s. Initially,
the uCT was developed for the purpose of detecting small defects in ceramic materials.
UCT has better resolution with a much smaller voxel size range of 5 um to 50 um, which
is 1,000,000 times smaller than a regular CT scanner voxel.’! uCT differs from a regular
CT scanner in three aspects: 1) The specimen rotates rather than the x-ray source and
detectors; 2) A two-dimensional detector is used to provide a direct three-dimensional
reconstruction; and 3) It has a limited capacity of the imaged specimen dimensions.>!
When pCT scanners were first developed, they were custom-built and were not
widely available. Nowadays, commercially compact systems are obtainable and are a
valuable asset in both academic and industrial research laboratories.’> uCT scanners can
be utilized to view ceramics, polymers, biomaterial scaffolds, hard mineralized tissues,
and soft tissues. The scanner is able to image soft tissue through contrast material
perfusion. With the new generations of pCT systems, some are able to image small live
animals in vivo as well.>> The analysis of uCT images to estimate three-dimensional
morphometric parameters of a material microstructure may be achieved through a direct
or an indirect method.>* The traditional method is based on assuming a particular
underlying structure form indirectly estimated from two-dimension stereology equations.
The novel approach is based on estimating the local parameters such as thickness by
fitting spheres within the structures or between them at each image voxel. It measures the

actual distances in three-dimensional space directly.>
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pCT has been used to depict mineral density in different tooth structures. One
study used pCT to measure the mineral density of white spot enamel lesions.>> The

mineral densities of sound enamel and white spot lesions with non-cavitated surfaces
3 3 3 3 ,
were from 2.65 g-em  t0 2.89 g-cm  and 2.23 g.cm  to 2.58 g:cm  respectively. The

lowest levels of density of white spot lesions were from 1.48 g-cm-3 to 2.03 g-cm-3. Five
different hydroxyapatite phantoms were used for calibration during each scan.>® The
accuracy of pCT imaging was compared with measurements of 12 teeth made by a direct
caliper, a 3D scanner, and by photography.>® The results of this study suggested that uCT
is a reliable method for linear measurements and a valuable tool for observing internal
and external tooth structure.’® Hamba et al.>” and Soviero et al.*® confirmed the high level
of sensitivity and specificity of pCT relative to the gold standard methods of histology
and transverse microradiography. Three dimensional measurements of mineral loss and
lesion depth in natural lesions obtained from pCT with a combination of Al and Cu filters
agreed with transverse microradiography (TMR) parameters, thus validating this
technique as an effective alternative for non-destructive quantitative demineralization and
remineralization laboratory studies.’” When proximal surfaces in primary molars were
examined, nCT showed the highest accuracy, highest values of sensitivity, and highest
correlation with histology (0.88; 0.86) when compared with ICDAS and bitewing
radiographs, followed by ICDAS (0.83; 0.74). Based on these results, Soviero et al.>®
advocated the use of pCT as a gold standard for detecting caries lesions in proximal
surfaces in primary molars.

An in-vitro study published in 2016 measured the thickness of the surface layer of

enamel caries lesions. Linear scans of the mineral content profile were used across the



17

sidewalls and the floor of fissures and at the central traverse of the proximal lesions.?’
The average thickness of surface layer in fissural lesions is considerably higher than
smooth surface proximal lesions. This study demonstrated the efficacy of pCT for high-
resolution non-destructive study of fissural lesions.?” A recent study confirmed the
accuracy of ICDAS criteria and demonstrated the feasibility of using a quantitative uCT

approach as gold standards for the presence of carious lesions.>

QUANTITATIVE LIGHT-INDUCED FLUORESCENCE

Quantitative light-induced fluorescence (QLF) is an optical method that
objectively assesses the change in mineral content of smooth surface non-cavitated early
enamel lesions. QLF depends on the analysis of backscattering fluorescence emitted by
the enamel. When wavelengths at 400 nm are used, caries appears as a dark spot with the
excite fluorescence at wavelengths above 520 nm.%° The use of laser fluorescence with
appropriate filters enhances the contrast between non-cavitated early enamel lesions and
sound enamel in vitro.®! Subsequent investigations led to the development of a
quantitative method of assessment of demineralization in vitro. Several studies
established the relation between mineral loss and altered optical properties of enamel.%2-%
A number of clinical studies were carried out to validate the application of QLF for

1.2 conducted an in-vivo study where smooth

clinical early caries detection. Ogaard et a
surface lesions were induced on vital premolars of orthodontics patients. Lesions were
imaged weekly for four weeks following the removal of orthodontic bands. It was noted
that lesions regressed very rapidly after the causal factor (orthodontic bands) was

eliminated. The study established that QLF can be used for clinical quantitative non-

destructive caries assessment. In 1997 Alkhateeb et al.®> evaluated the effect of fluoride
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remineralization treatments on enamel lesions. They were able to detect the amount of
enamel remineralization that occurred with each fluoride regimen through longitudinal
assessment. These results correlated with results obtained from microradiography.

Since these studies, QLF has typically been used to monitor the progression of
caries lesions in longitudinal studies.®® One study investigated the effect of fluoride
varnish on non-cavitated early enamel lesions using QLF in a randomized clinical trial.®’
The study validated the use of QLF as a sensitive clinical method suitable for longitudinal
quantification of non-cavitated early enamel lesions on smooth surfaces.®” QLF was also
compared with other modalities of caries detection and existing “gold standard” such as
TMR, laser fluorescence (DIAGNODENT®), and electronic caries monitor (ECM). All of
the mentioned studies found a favorable correlation between fluorescence loss and
enamel demineralization depth.®>%%-7" However, it should be noted that the use of QLF
should be combined with visual and tactile examinations, given that QLF is unable to
distinguish the difference between non-cavitated early enamel lesions and other non-
carious enamel hypomineralizations.”! QLF tends to show a higher sensitivity compared
with other methods, specifically the ICDAS visual and tactile examinations; this is
attributed to the QLF analysis software, which detects any change in pixel values as
demineralization, thereby compromising its specificity. Using a combined methodology
with ICDAS has proved its efficacy in allowing earlier detection of lesions that are more
likely to progress as demonstrated in a longitudinal study.’?

In 2013 Ferreira et al.” published a four-year longitudinal clinical study of
baseline QLF variables compared at regular intervals. They found that regardless of the

ICDAS score at baseline, lesions that were more likely to progress showed a rapid rate of
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increase in QLF variables versus the lesions that did not progress. This indicates the
ability of QLF to monitor changes in lesion severity and to differentiate between active
and inactive lesions over time.”> Another retrospective study found an association
between high levels of red/orange fluorescence and lesion progression to cavitation.”
The increase in red fluorescence emission in QLF images could be the result of excitation
of endogenous porphyrins. Therefore, early detection of red/orange fluorescence can be a
predictive indicator of caries activity.

Several studies have discussed the effect of dehydration on QLF, showing that
fluorescence backscattering of demineralized enamel decreases gradually when
specimens are dehydrated at room temperature for 30 minutes or longer.”>’¢ Ando et al.*
studied the effect of dehydration on extracted teeth with non-cavitated early lesions on
QLF variables. They concluded that, in the first few seconds of dehydration by
continuous compressed air, active lesions showed a rapid decrease in light absorption and
fluorescence remittance. The authors traced the cause of such changes to the existence of
enamel microchannels larger than those found in inactive lesions. The study suggested
that the change in QLF variables during the first few seconds of dehydration can
differentiate between active and inactive caries lesions at the time of examination.*? The
same authors demonstrated similar results in a recent clinical pilot study.”” Twenty-four
white spot enamel lesions on the buccal surfaces of 23 children were evaluated. Three
consecutive images were acquired by QLF at baseline, 5 seconds, and 15 seconds. Images
acquired from both active and inactive lesions were compared with each other as
visual/tactile examination was considered the gold standard. Although the results were

not statistically significant, they suggested that QLF during dehydration has the potential
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to distinguish between active and inactive non-cavitated enamel lesions at the time of
examination.”’

Another recent in-vitro study evaluated the reflection, roughness, and
fluorescence change in demineralization/remineralization models.”® Enamel samples were
subjected to multiple species microbial demineralization and pH cycling remineralization.
Measurements of sound, demineralized, and remineralized surfaces were obtained for
reflection using reflectometry, for roughness by profilometry, and for fluorescence by
QLF. The results confirmed that active lesions are associated with less light reflection
and thus appear dull, while inactive lesions show greater light reflection and appear
shinier. As for QLF activity assessment, the change in AQ per second (AQp) was
significantly greater in all three demineralization groups than in the remineralization
groups. Both demineralization and remineralization groups had greater AQp than the
sound group. This demonstrated the ability of QLF during dehydration to determine

caries lesion activity at the time of the examination.”®
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MATERIALS AND METHODS
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SAMPLE SELECTION AND PREPARATION

One hundred extracted human teeth were collected from dental practitioners in the
state of Indiana and stored in 0.1-percent thymol solution. The collection of human teeth
for use in dental laboratory research studies has been approved by the Indiana University
(IU) Institutional Review Board (IRB) (IRB# NS0911-07). Extracted human premolars
with approximal smooth surface non-cavitated early enamel lesions surrounded by sound
enamel were selected for the study. Teeth were cleaned of extrinsic debris with a soft
brush and water. As explained in the section “Gaps of Knowledge,” stains are an
inconclusive variable in the detection and diagnosis of carious lesions. We attempted to
eliminate the color variable from this study. Therefore, after bleaching with 5.0-percent
NaOCl for 30 minutes, the teeth were washed under running water and stored in 0.1-
percent thymol to remove any stains that could cause bias in specimen collection. A pilot
study was performed beforehand to establish the effect of bleaching and bleaching time
on non-cavitated early enamel lesion roughness. Five extracted human premolars with
active smooth surface non-cavitated caries lesions surrounded by sound enamel, as well
as five teeth with inactive smooth surface non-cavitated lesions were selected based on
visual and tactile examination. The enamel lesions measured approximately 2x2mm?,
Specimens were subjected to profilometric scanning before and after bleaching with 5.0-
percent NaOCl for 2 hours. The pilot study implied that surfaces of active enamel lesions
would present higher surface roughness than inactive enamel lesions. Bleaching

increased the surface roughness of enamel lesions, but not considerably.
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Approximal non-cavitated early lesions selected for the study measured
approximately 2x5mm? and were not stained. Caries lesion severity was assessed
following the criteria of the International Caries Detection and Assessment System
(ICDAS).* Only teeth exhibiting ICDAS scores of 1 and 2 were included in the study.
Teeth were assessed using I[CDAS criteria by two experienced examiners (M.A, F.A.) by
consensus with the aid of an overhead light unit and air syringe. Teeth were assessed
moist first, then dried and examined after 5 seconds. Enamel lesions with visible enamel
surface defects were excluded. The apical one-third of the root was reduced, leaving the
coronal two-thirds, using diamond discs (Lapcraft’s L'il Trimmer™, Powell, Ohio, USA).
Next, the teeth were mounted with the use of superglue on Lego® bricks separately to
standardize the location and angulation of the lesions. Teeth were stored in 100-percent
humidity, with a wet cotton pellet over the tested surfaces, in numbered containers at

4°C.

VISUAL AND TACTILE EXAMINATION

Conventionally, caries activity is determined through longitudinal assessment as
lesions progress or arrest. Based on Nyvad et al.'?!3 and Ekstrand et al.’! longitudinal
clinical studies demonstrated that cross-sectional visual/tactile examinations would
associate with caries activity. Therefore, visual/tactile examinations criteria can be used
to speculate caries activity at the time of examination. For a cross-sectional study, such as

this study, activity assessment was designated as visual-tactile caries activity.
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TRAINING

Visual/tactile examinations were conducted by consensus by two experienced
examiners (K.D., A.S.). Examiners were trained as they attended a lecture on the
diagnostic criteria of active and inactive non-cavitated early enamel lesions. They were
also trained to distinguish surface roughness using two metal plate surfaces (Average
roughness [Ra]: 0.13 pm and 2.04 pm). The area examined was limited to the site of the
lesion at a 2x5mm? window. A #6 Handle-Satin Steel explorer (23 SE, Hu-Friedy Mfg.
Co., Inc., USA) was held at 45° to the examined surface and moved as passively as
possible. Each examiner measured the amount of force exerted on the explorer. The
amount of force was not to exceed 20 gm (0.1961N). All collected extracted teeth with

ISDAS scores of 1 or 2 were examined.

SPECIMEN SELECTION

Specimens were air-dried using compressed air for at least 30 seconds.
Examination was carried out with the aid of a dental unit light and an air syringe. A scale
was used before any examination to standardize the amount of force exerted by the
explorer during examination. Each examiner measured the amount of force exerted on the
explorer prior to the initiation of examination and after the examination of 50 teeth. The
amount of force did not exceed 20 gm (0.1961N). Examiners evaluated both the
appearance (visual) and the roughness (tactile) of each specimen. They surveyed the
indicated area and determined the surfaces as smooth or rough, dull or shiny, and

assessed the caries activity as active or inactive.
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The lesions were divided into active and inactive categories. Active non-cavitated
enamel lesions are opaque and show a chalky, matte surface. The surface texture is rough
when the tip of a probe is moved gently across the surface. Inactive non-cavitated enamel
lesions may look whitish or brownish-black due to staining; however, only whitish
lesions were included. They are shiny/glossy and feel smooth on gentle probing. The
examiners reported their findings with the aid of a facilitator. Fifteen visually active
caries lesions and 15 visually inactive caries lesions were selected by consensus for the

study.

SURFACE OPTICAL PROFILOMETRY

To measure the roughness of lesion surfaces, enamel lesions and sound smooth
surfaces in each specimen were scanned with a computer-guided optical profilometer
(Proscan 2000A; Scantron Industrial Products Ltd., Taunton, UK). This method uses a
50-watt halogen bulb as a light source. The light is focused onto the measured surface as
a spot approximately 4 pm in diameter. The scanning frequency was 300 Hz, with a step
size of 0.01 mm for the x-axis (parallel to long axis of plates) and of 0.01 mm for the y-
axis (perpendicular to long axis of plates), and a resolution of 0.01 um. The S38/3a
sensor was used. An area of 2x3 mm? was scanned per lesion and per sound smooth
surface. The profilometric data were digitally recorded and processed by dedicated
software (Proscan 2000 version 2.0.17; Scantron). In this study, the parameters were

limited to the arithmetic mean roughness R,. A single scanning profile was recorded for

each specimen and an average Ra was acquired. An auto level filter, a size 2 surface filter
and a size 1 warpage filter were used to level the scanned surface. (Ra lesion - Ra sound)

/ Ra sound was calculated for each specimen.
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MICROFOCUS COMPUTED TOMOGRAPHY (uCT) IMAGING

UCT [Skyscan 1172 Micro-CT (Skyscan 1172, Aartselaer, Belgium)] was used to
determine the severity of lesions and the thickness of the surface layer. A set of pCT
images was obtained using 80 kV, 134 pA, 8 um pixel size resolution, and 0.5mm Al/40
um Cu filter to reduce beam hardening effects; a rotation step of 0.2°, and frame average
of 4 were used. Reconstruction was done using Feldkamp algorithm by Skyscan's
volumetric NRecon® reconstruction software. Smoothing was set at 7, beam hardening at
33, and ring artifact correction at 9. The images were set to view the entire crown of the
tooth. Image processing was done using CT Analyzer software (Bruker micro CT,
Kontich, Belgium). A uCT threshold was constructed through calculating a grayscale by
averaging 8 to 9 pixel-values at three points (upper, lower and middle of each enamel and
dentin lesion) along each scan using Adobe®Photoshop®. Gray scale less than 95
percent of sound enamel in the surfaces of the region of interest along the sagittal slices
indicated a caries lesion. The volumes and the areas of caries lesion variables were
determined from pCT Imaging 3D reconstruction to obtain the severity of caries based on
a previous finding where active caries were both smaller in volume and more porous
than inactive leasions.?¢

Another set of uCT images was obtained using 80 kV; 134 pA; 5-um pixel size
resolution; 0.5mm AI/40 um Cu filter to reduce beam hardening effects; a rotation step of
0.2°, and a frame average of 4. Reconstruction was done using Feldkamp algorithm by
Recon online. Smoothing was set at 7, beam hardening at 33, and ring artifact correction
at 9. The imaging was focused on the enamel surface with the non-cavitated early lesions

on view only. Image processing was done also using CT Analyzer software (CTAn)
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(Bruker micro CT, Kontich, Belgium). The area of interest was marked manually on each
reconstructed scan image. The 2D and 3D morphometric analyses of the surface layer
thickness were done using a special task list in CTAn software and region of interests
were at 27 to 255 threshold. The thickest, thinnest, and average surface layer thicknesses
were extrapolated from the image analyzer software task manager.
QUANTITIVE LIGHT-INDUCED FLUORESCENCE
IMAGING (QLF) DURING DEHYDRATION

The method followed is described in a previous study by Ando et al.*?
Fluorescence imaging was acquired using a QLF machine in a dark room. The light
source was fixed to provide optimum illumination for the tested surface area. Specimens
were exposed to 13 mW/cm? of violet blue light (WL 290 nm to 450 nm). Images were
acquired through a 520-nm high-pass filter, transmitting light at a wavelength > 250 nm.
Specimen hydration was standardized by placing a wet cotton pellet saturated in distilled
water on the enamel surface for 60 seconds. The cotton pellet was removed prior to
acquiring images. A baseline image was acquired immediately after removal of the cotton
pellet and a series of images were acquired at 1s, 5s, and 15s,*? during which specimens
were dehydrated by continuous compressed air of 36 psi and an airflow of 8.5 I/m from a
3-cm fixed distance. QLF variables (average fluorescence loss [%], size [mm?], AQ
[%xmm?] and the change-in-QLF-variables per second [AQp]) were determined. The
change in QLF variables indicated the activity, while the score at 15s correlated the

severity of the lesion.
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STATISTICAL ANALYSES

Two-sample t-tests were used to compare the profilometry surface roughness
(Ra); Ra lesion/Ra sound, Ra lesion - Ra sound, (Ra lesion - Ra sound)/ Ra sound , pCT
lesion bone volume, uCT gray values for sound tissue, uCT lesion depth, pCT surface
layer thickness (3D, 2D, 2D-average from individual data points, 2D-minimum from
individual data points, 2D-maximum from individual data points), QLF AQ, and QLF
change in AQ (AQp) per second of dehydration between teeth with and without visual
indications of caries activity. Scatterplots and Pearson correlation coefficients were used
to evaluate the associations of QLF AQ at 15 seconds dehydration with lesion depth and
lesion bone volume and the associations of QLF AQp per second of dehydration with
surface roughness and surface layer thickness. A 5.0-percent significance level was used

for all tests.

SAMPLE SIZE JUSTIFICATION
With a total sample size of 30 teeth, 15 each with or without visual indications of
caries activity, the study will have 80-percent power to detect a correlation of 0.49.
Additionally, 15 specimens each with or without visual indications of caries
activity will have 80-percent power to detect a difference of 16 um between groups,
assuming a standard deviation of 15 um and comparisons using a two-sample t-test at a

5.0-percent significance level.
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RESULTS
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VISUAL AND TACTILE EXAMINATION

Visual and tactile examination of non-cavitated early lesions on the proximal
surfaces of 100 teeth to determine activity yielded 48 active and 52 inactive lesions.
Forty-six of the active lesions were dull and rough, two were dull and smooth. Forty-
eight of the inactive lesions were considered to be dull and smooth, while only four were
considered shiny and smooth. No statistical comparisons were performed due to the

limited number of surfaces that were determined to be shiny (four surfaces total) (Table

1)

SURFACE ROUGHNESS (Ra) (um)

Table IV and Figure 6 present the mean and standard deviation of surface
roughness (Ra) between teeth with and without visual indications of caries activity. Two-
sample t-tests showed no statistically significant difference in surface roughness between
active and inactive lesions. Ra values of sound surfaces were 1.27 (£ 0.20) um and 1.24
(£ 0.24) um (p = 0.739) respectively for active and inactive lesions. Table IV and Figure
7 present (Ra lesion - Ra sound)/Ra sound between teeth with and without visual
indications of caries activity. (Ra lesion - Ra sound)/Ra sound was 0.26 (+ 0.55) um for
active lesions and 0.22 (£ 0.40) um for inactive lesions (p = 0.839) showing no

statistically significant difference.
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SURFACE LAYER THICKNESS

Table V and Figure 5 present the mean and standard deviation of surface layer
thickness for both active and inactive non-cavitated early lesions. The thinnest surface
layer measured 25 um and the thickest measured 92 um. Both values were within the
active lesion surface layer. The average 2D surface layer thicknesses of active and
inactive lesions were 57 um and 52 um respectively. Active and inactive non-cavitated
early lesions did not have significantly different surface layer thickness. A two-sample t-
test was performed on values acquired from 2D (p = 0.121) and 3D morphometric
analyses (p =0.080) of pCT images, 2D average surface thickness (p = 0.446), as well as
2D average of the minimum value of surface thickness (2D win) (p =0.197) and 2D

average of the maximum value of surface thickness (2D max) (p = 0.122).

GRAY VALUES
Gray values (representing pCT thresholds) for sound tissue of active and inactive
teeth were compared. Active and inactive non-cavitated early lesions did not have

significantly different gray values for sound tissue (Table VI; two-sample t-test; p =

0.178 for dentin and 0.655 for enamel).

LESION DEPTH (um)
Lesion depth in dentine was significantly larger for active lesions (Table VII; p =
0.009); however, active and inactive lesions did not have significantly different enamel or

total lesion depth (p =0.111 for enamel and 0.132 for total lesion) Figure 2.
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LESION VOLUME (mm?)

Enamel and overall lesion volumes (mm?) from pCT image analysis were
significantly larger in active lesions than in inactive lesions; however, there was no
significant difference in dentin lesion volume between active and inactive lesions (Table
VIII; Figure 1, two-sample t-test, p = 0.075 for dentine lesion volume, 0.031 for enamel
lesion volume, and 0.022 for overall lesion volume). A 0.95-uCT threshold was utilized

in the analyses.

QLF AQ AT 15 SECONDS OF DEHYDRATION (AQ15)

Active and inactive non-cavitated early lesions did not have significantly different
AQ1s (%>xmm”2) in all QLF thresholds tested (Table IX; two-sample t-test; p = 0.199 at
5% threshold, 0.186 at 10%, 0.17 at 15%, 0.138 at 20%, 0.101 at 25% and 0.100 at 30%)

(Figure 3).

QLF OF DEHYDRATION (AQp)

Table X and Figure 8 present AQp (%xmm”2/sec) of dehydration in active and
inactive non-cavitated early lesions. AQp (%>xmm~"2/sec) of dehydration was
significantly larger for active lesions only for 1-second dehydration at 5.0-percent
threshold (p = 0.046). Active and inactive lesions did not have significantly different

AQ/sec of dehydration for any other dehydration time (Table X; two-sample t-test, p =

0.347 at2s,0.077 at 3s,0.080 at4 s, 0.097 at 55, 0.091 at 10 s, 0.120 at 15 s).
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ASSOCIATIONS OF AQp WITH SURFACE ROUGHNESS
AQp (Yoxmm”2/sec) was not significantly associated with surface roughness

using scatterplots and Pearson correlation coefficients (PCC). At QLF threshold 5.0

percent and 15 seconds of dehydration PCC = 0.03 (p = 0.879) (Table XI).

ASSOCIATIONS OF AQp WITH MICRO-CT
SURFACE LAYER THICKNESS

At QLF 5.0-percent threshold, AQp (%exmm”2/sec) and surface layer thickness
2D-min were significantly correlated, with weak negative associations at 1's,3 s, 5 s, 10
s, and 15 s of dehydration; at 15 seconds of dehydration PCC = -0.40 (p = 0.026).
Similarly, AQp (%>mm”2/sec) and surface layer thickness 2D-avg were significantly
correlated, with a weak negative association at QLF 5.0 percent threshold with 15
seconds dehydration (PCC = -0.36; p = 0.049). AQp (%xmm”2/sec) was not significantly
associated with surface layer thickness 3D (all p > 0.188), surface layer thickness 2D (all

p > 0.083), or surface layer thickness 2D-max (all p > 0.106) (Table XII; Figures 9,10).

ASSOCIATIONS OF AQ WITH MICRO-CT
LESION DEPTH AND LESION VOLUME

Associations were performed using scatterplots and Pearson correlation
coefficients. QLF AQ at 15 seconds of dehydration (AQ1s) was not significantly
associated with pCT lesion depth at any QLF thresholds tested (Table XIII; all PCC <
0.31; all p>0.097). For AQ1sat 5.0-percent threshold, PCC = 0.22 (p = 0.225). AQ1s and
UCT lesion volume were significantly correlated, with a moderate positive association
regardless of QLF threshold. (all PCC > 0.56; all P < 0.001). At 0.95 uCT threshold and

AQ1s5, PCC =0.56 (p=0.001) (Table XIV; Figures 11,12).
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ASSOCIATIONS OF SURFACE ROUGHNESS
WITH MICRO-CT SURFACE LAYER THICKNESS

Surface roughness was not significantly associated with pCT surface layer
thickness. PCC was 0.12 for 3D SLT (p = 0.529), 0.07 for 2D (p = 0.729), 0.00 for 2D-

avg (p = 0.994), -0.24 for 2D-min (p = 0.209), -0.05 for 2D-max (p = 0.796) (Table XV).
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TABLES AND FIGURES
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TABLE I

ICDAS criteria for the study teeth selection

ICDAS code Description
ICDAS code | Teeth that show the first visual change in enamel; opacity or
discoloration (white or brown) is visible at the surface of white spot
1 lesion (WSL) after prolonged air-drying, which is not or hardly seen
on a wet surface.
ICDAS code | Teeth with distinct visual change in enamel, opacity, or discoloration

2

distinctly visible at the surface of WSL under dry condition, lesion is
visible when wet.
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TABLE I

ICDAS caries lesion activity assessment™

ICDAS Code Characteristics of Lesion
Active Lesion Inactive Lesion
1,20r3 Surface of enamel is Surface of enamel is
whitish/yellowish opaque with loss whitish, brownish or
of luster; feels rough when the tip of | black. Enamel may be
the probe is moved gently across the | shiny and feels hard
surface. Lesion is in a plaque and smooth when the
stagnation area, i.e. pits and fissures, | tip of the probe is
near the gingival and approximal moved gently across
surface below the contact point. the surface. For
smooth surfaces, the
caries lesion is
typically located at
some distance from
the gingival margin.
Specimen # Visual Tactile Activity
# Shiny Dull Smooth =~ Rough Active Inactive

*During V/T examination the examiners reported the findings with the

aid of the facilitator.
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TABLE II

Analysis of visual and tactile evaluations to determine caries activity

Activity Dull Shiny Rough Smooth Dull- Dull- Shiny-

Rough Smooth | Smooth

Active | 48(50%)  0(0%) | 46(100%)  2(4%) | 46(100%) | 2(4%) | 0(0%)

Inactive | 48(50%) 4 (100%) 0 (0%) 52 (96%) 0(0%) | 48(96%) 4

(100%)
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TABLE IV

Comparisons between teeth with and without visual
indications of caries activity and surface roughness Ra (um)

Active Inactive p-value
Ra lesion 1.57 (0.65) 1.51 (0.51) 0.761
Ra Sound 1.27 (0.20) 1.24 (0.24) 0.739
(Ra lesion - Ra sound) / Ra 0.26 (0.55) 0.22 (0.40) 0.839
sound

*Active and inactive specimens did not have significantly different surface roughness.
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TABLE V

Comparisons between Two-sample t-test, Mean (+ SD)
surface layer thickness (mm) of teeth with and without
visual indications of caries activity

Type Active (SD) Inactive (SD) p-value
3D 0.082 (0.023)  0.069 (0.015) 0.080
2D 0.049 (0.013)  0.042 (0.008) 0.121

2D-avg 0.057 (0.023)  0.052 (0.010) 0.446

2D-min ~ 0.025(0.012)  0.030 (0.007) 0.197

2D-max  0.092 (0.038)  0.075(0.016)  0.122

*Active and inactive specimens did not have significantly
different surface layer thickness.
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TABLE III

Two-sample t-test, comparisons between teeth with and
without visual indications of caries activity and gray values
for sound tissue*

Enamel/Dentin ~ Active (SD) Inactive (SD) p-value

Dentine 37.8 (0.6) 37.1(1.2)  0.178

Enamel 60.6 (1.4) 60.8(1.3)  0.655

*Active and inactive specimens did not have
significantly different gray values for sound tissue.
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TABLE IV

Two-sample t-test, comparisons between teeth with and
without visual indications of caries activity and lesion depth

(um)

Enamel/Dentin  Active (SD) Inactive (SD) p-value

Dentine 374 (252) 156 (159)  0.009 *
Enamel 389 (150) 466 (97) 0.111
Total 763 (298) 622(192)  0.132

*Lesion depth in dentine was significantly larger for active
specimens, but active and inactive specimens did not have
significantly different enamel or total lesion depth.
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TABLE V

Two-sample t-test, Mean (+ SD) lesion volume (mm?)

in teeth with and without visual indications of caries activity

Enamel/Dentin  uCT Threshold  Active (SD) Inactive (SD) p-value
Dentine 0.95 0.14 (0.20) 0.03 (0.04) 0.075
Enamel 0.95 0.26 (0.16) 0.15 (0.07) 0.031 *

Total 0.95 0.38 (0.31) 0.17 (0.09) 0.022 *

*Lesion volume was significantly larger for active lesions (enamel volume

and overall volume).
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TABLE IX

Two-sample t-test, mean (£ SD) change in fluorescence (AQ)
after 15 seconds dehydration in teeth with and without visual
indications of caries activity and QLF AQ at 15 seconds
dehydration.

QLF Threshold
(%) Active (SD) Inactive (SD) p-value
5 131 (87) 97 (54) 0.199
10 119 (86) 84 (52) 0.186
15 98 (84) 63 (46) 0.174
20 74 (76) 40 (36) 0.138
25 49 (61) 20 (26) 0.101

30 25 (38) 7(15) 0.100
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TABLE VI

Two-sample t-test, Mean (£ SD) change in fluorescence [AQD (%>xmm”2/sec)] (QLF 5%
threshold) after varying dehydration times in teeth with and without visual indications of
caries activity

QLF Threshold Dehydration (sec)  Active (SD) Inactive (SD)  p-value

5 1 11.6 (12.5) 3.2(9.6) 0.046  *
2 7.0 (9.1) 4.0 (7.7) 0.347
3 8.0 (8.8) 3.0 (5.5) 0.077
4 7.0 (7.6) 2.5(5.8) 0.080
5 5.6 (6.0) 2.3 (4.5) 0.097
10 4.1 (4.9) 1.5 (2.9) 0.091

15 2.8(3.2) 1.2 (2.6) 0.120
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TABLE VII

Pearson correlation coefficients of associations of QLF AQp

(%>xmm”2/sec) with surface roughness Ra (um)*

QLF Threshold (%) Dehydration (sec) Pearson correlation  p-value
5 1 0.05 0.781
2 0.04 0.854
3 -0.03 0.863
4 -0.03 0.887
5 -0.09 0.657
10 -0.01 0.939
15 0.03 0.879
10 1 0.12 0.547
2 0.06 0.747
3 -0.01 0.959
4 -0.01 0.966
5 -0.08 0.673
10 0.00 0.983
15 0.03 0.867
15 1 0.21 0.272
2 0.13 0.483
3 0.04 0.836
4 0.04 0.833
> -0.04 0.833

(continued)
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TABLE VIII (cont.)
15 0.09 0.645
20 1 0.15 0.426
2 0.07 0.729
3 0.04 0.850
4 0.02 0.905
5 -0.02 0.925
10 0.03 0.861
15 0.09 0.638
25 1 0.06 0.754
2 0.03 0.889
3 0.02 0.927
4 0.00 0.995
5 -0.04 0.854
10 0.01 0.954
15 0.05 0.792
30 1 -0.04 0.835
2 0.00 0.983
3 -0.01 0.961
4 -0.04 0.838
5 -0.05 0.784
10 0.00 0.984
15 0.00 0.984

* QLF AQp (%>xmm”2/sec) was not significantly associated with surface

roughness.
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TABLE XII

Pearson correlation coefficient of association of QLF AQp
(%xmm?/sec) with uCT surface layer thickness

Surface Layer Dehydration Pearson

Thickness QLF Threshold (sec) Correlation  p-value

3D 5 1 0.06 0.775
2 -0.06 0.757
3 -0.10 0.597
4 -0.22 0.253
5 -0.20 0.280
10 -0.16 0.410
15 -0.25 0.188

2D 5 1 -0.07 0.710
2 -0.14 0.463
3 -0.19 0.307
4 -0.30 0.107
5 -0.28 0.130
10 -0.22 0.255
15 -0.32 0.083

2D-avg 5 1 -0.27 0.156
2 -0.11 0.578
3 -0.21 0.265
4 -0.23 0.225

(continued)
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TABLE XII (cont.)
5 -0.26 0.161
10 -0.24 0.204
15 -0.36 0.049
2D-min 5 1 -0.61 <.001
2 -0.21 0.264
3 -0.43 0.016
4 -0.32 0.085
5 -0.39 0.031
10 -0.37 0.046
15 -0.40 0.026
2D-max 5 1 -0.25 0.191
2 -0.09 0.645
3 -0.14 0.461
4 -0.17 0.378
5 -0.19 0.309
10 -0.18 0.332
15 -0.30 0.106

*QLF AQp (Yoxmm”2/sec) and surface layer thickness 2D-min/ 2D-avg were
significantly correlated, with a weak negative association.
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TABLE IX

Pearson correlation coefficients of associations of QLF AQ with
LCT lesion depth (15 seconds dehydration)*

QLF Threshold (%) Pearson Correlation p-value
5 0.22 0.251
10 0.22 0.254
15 0.23 0.228
20 0.26 0.160
25 0.31 0.097
30 0.30 0.109

*QLF AQ was not significantly associated with uCT lesion depth.
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TABLE X

Pearson correlation coefficients of associations of QLF
AQ with pCT lesion volume

UCT Threshold  QLF Threshold (%) Pearson Correlation  p-value

0.95 5 0.56 0.001
10 0.56 0.001
15 0.56 0.001
20 0.57 0.001
25 0.58 0.001
30 0.56 0.001

*QLF AQ and pCT lesion volume were significantly correlated, with a
moderate positive association.
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TABLE XI

Pearson correlation coefficients of associations of surface
roughness with pCT surface layer thickness

Surface Layer

Surface Roughness Pearson correlation ~ p-value
Thickness
Ra 3D 0.12 0.529
2D 0.07 0.729
2D-avg 0.00 0.994
2D-min -0.24 0.209
2D-max -0.05 0.796

Surface roughness was not significantly associated with uCT surface layer thickness.
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FIGURE 1.  Lesion volume (mm?) in teeth with and without visual
indications of caries activity.
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FIGURE 1. Lesion depth (um) in teeth with and without visual indications of
caries activity.
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FIGURE 3. Comparisons between teeth with and without visual indications of
caries activity and QLF AQ at 15 seconds of drying.
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FIGURE 3. Comparisons between teeth with and without visual indications
of caries activity and surface layer thickness (mm).
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FIGURE 5.  Scatterplot of correlation of QLF AQp (%>xmm~*2/sec) and surface layer
thickness 2D-avg. *2D-avg were significantly correlated, with a weak
negative association.
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FIGURE 6. Scatterplot of correlation of QLF AQp (%>xmm”2/sec) and
surface layer thickness 2D-min. *2D-min were
significantly correlated, with a weak negative association.
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FIGURE 7.  Scatterplot of association of QLF AQ with uCT lesion depth
(um). QLF AQ is not significantly associated with uCT lesion
depth.
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FIGURE 8.  Scatterplot of association of QLF AQ with uCT lesion volume
(mm?) significantly correlated with a moderate positive
association.



65

FIGURE 9.  Sample preparation on Lego® bricks.
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FIGURE 10. Metal plates used for training with a 2x5mm
window opening and a scale to measure the
amount of force exerted while probing.
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FIGURE 11. Tactile examination using a #6 Handle Satin Steel
explorer (23 SE, Hu Friedy Mfg. Co., Inc., USA).
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FIGURE 12. QLF during dehydration assembly.
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FIGURE 13. QLF image analysis.
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FIGURE 14.  Micro CT imaging and analysis.
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FIGURE 19.  The region of interest function in
CTAn software was used to isolate the
surface layer in enamel lesions.
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FIGURE 15. The region of interest function in CTAn
software was used to isolate the enamel
lesions.
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FIGURE 16.  The region of interest function in CTAn
software was used to isolate the dentin lesions.
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FIGURE 17. 3D reconstruction of surface layer of non-
cavitated white spot enamel lesion from nCT
image analysis.
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FIGURE 18. 3D reconstruction of enamel lesion in non-
cavitated white spot enamel lesion from nCT
image analysis.
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FIGURE 19. 3D reconstruction of dentine lesion in non-
cavitated white spot enamel lesion from pnCT
image analysis.
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FIGURE 20.  Non-contact profilometric analysis.
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DISCUSSION
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Caries lesions progress when the outcome of demineralization and
remineralization processes over time is net mineral loss. Lesions that continue to
demineralize are active, while those that display no evidence of further demineralization
are rendered inactive.”® In several in-vitro studies of artificial non-cavitated early
lesions, active lesions exhibited light reflection properties and surface layer thickness
different from inactive lesions. Therefore, this in-vitro study sought to evaluate the
difference between active and inactive natural non-cavitated early lesions in regard to
surface layer thickness and the rate of fluorescence loss during dehydration while using

QLF.

VISUAL/TACTILE EXAMINATION

Diagnosis of non-cavitated early lesions is challenging, even for the most
experienced of clinicians. Correct assessment enables implementation of appropriate
preventive and regenerative therapies, while incorrect assessment often leads to
unnecessary restorative treatment, which increases the financial burden to the patient and
condemns the tooth to a lifetime of subsequent re-restoration. Clinically, visual/tactile
examination remains the “gold standard” in caries detection and diagnosis.?!+#3:4¢
However, tactile examination, in particular, suffers from poor predictive value.” Yet,
nearly 25 years after the American Dental Association’s recommendation to avoid the use
of sharp explorers,*® many practitioners continue to rely heavily on the “catch” as proof

of caries activity. The lack of acceptable alternative diagnostic methods has, undoubtedly,

perpetuated this dilemma.
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The dire need for a valid caries detection system gave rise to the ICDAS and later
its modification ICDAS II + LAA (Lesion Activity Assessment) in 2005.3> ICDAS has
provided the worksheet that facilitates the appropriate management of dental caries in
order to achieve healthy and effective long-term results. Therefore, in this current study
we sought to validate the use of ICDAS II+ LAA with QLF fluorescence loss during
dehydration by demonstrating a correlation between caries activity and surface layer
thickness. Sample collection of non-cavitated white spot early lesions was carried out by
two experienced examiners by consensus. One-hundred teeth with ICDAS 1 and 2 were
selected for the study. Selection of teeth with lesions at the proposed dimension (2x5mm)
with intact enamel surface has proved to be challenging. Lesions with such large
dimensions on proximal surfaces are often cavitated, stained, or not homogenous. During
teeth selection, the protocol indicated all teeth to be bleached in order to eliminate the
variability of discoloration from the study. Teeth were bleached with 5.0-percent NaOCl
to remove any stains that could cause bias in specimen selection. This protocol was used
in a previous study for the purpose of acquiring optimal data.*? In the current study, teeth
were bleached with 5.0-percent NaOCI for 30 minutes, rather than for 2 hours in the
former study.*?

The negative effect of probing on demineralized intact enamel surface is well

81-83 Probing can cause damage ranging from 100 pm to

demonstrated through literature.
2.0 mm on initial lesion of proximal surfaces.®? Such damage results in cavitation and
lesion progression. This current study is the first to try to standardize the force applied by

the explorer during the examination process. In an attempt to minimize the damage

produced by dental explorers, the force applied while passively moving the explorer was
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contained to a minimum and not exceeding 20 gm. Examiners measured the amount of
force applied by passing the explorer on an electronic scale surface during training prior
to initiation of tactile examination and after the examination of 50 teeth. Although our
method was not used before, the main purpose of it was standardization of the minimum

effective applied force able to distinguish surface texture.?!-%3

SURFACE ROUGHNESS

(Ra lesion - Ra sound)/Ra sound statistical analysis included the roughness of the
sound area of the tooth in the outcome measurement, so that the natural variation in
sound tooth surface roughness had less influence on the data when the roughness of the
active and inactive caries portions of the tooth surfaces were compared. It directly
explains how much larger (greater than 0) or smaller (less than 0) the lesion surface is
compared with the sound surface. (Ra lesion - Ra sound)/Ra sound was 0.26 for active
lesions, which means that the active surfaces were 0.26 times higher in Ra, or 26 percent
rougher, than the sound surfaces. Similarly, (Ra lesion-Ra sound)/Ra sound was 0.22 for
inactive lesions, which means that inactive surfaces were 0.22 times higher in Ra, or 22
percent rougher, than the sound surfaces. Active lesions showed a slightly higher Ra
value than inactive lesions. These differences, however, (26% vs. 22%), were not
statistically significant (p = 0.839).

The tactile criteria of caries activity assessment are well-recognized in the
literature.!>3! As previously mentioned, active lesions generally present rough surfaces,
while inactive lesions are smooth. This study evaluated the surface roughness (Ra) of
natural white spot enamel lesions without destructive sectioning of teeth. It reported Ra

values of 1.57 um and 1.51 pum for active and inactive lesions respectively. Neuhaus et
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al.'* reported a profilometric analysis of active and inactive lesions, in which
corresponding surface roughness measurements values were 0.805 pum (0.567 um to
1.051 um) for active lesions and 0.411 um (0.364 um to 0.5 pum) for inactive lesions.
Other studies evaluated surface roughness of artificial lesions introduced to flat surfaces
of prepared enamel specimens.®*# The literature on usage of non-contact profilometry to

37 and

measure non-sectioned tooth structure is limited to enamel surface treatmen
adhesive clearance methods following orthodontic bracket debonding.3¥° An in-vitro
study by Arnold et al.”! reported the median surface roughness (Ra) of untreated enamel

lesions with ICDAS 1 and 2 on the proximal surfaces of premolars as 0.263 um. This Ra

value did not agree with our study, which was considerably higher.

SURFACE LAYER THICKNESS AND CARIES ACTIVITY

Our main hypothesis was to determine if visual/tactile active caries lesions
present thinner surface layers than inactive lesions. Our results were unable to reject the
null hypothesis, as active and inactive lesions demonstrated no significant difference in
surface layer thickness (SLT). The surface layers of intact enamel lesions were manually
traced on pCT images. Both 2D and 3D image analyses were implemented for two
reasons: First, 2D image analysis, or the indirect image analysis method, is the traditional
method of analysis.>* It provided a single 2D average of each specimen, as well as a
detailed point-by-point measurement of all specimens combined, which enabled us to
measure the average, minimum, and maximum thickness of the surface. Second, the
)

novel 3D approach (although considered more accurate)’* provided only an overall

measurement of the average surface layer thickness for each sample dataset. 3D analysis
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was performed primarily to compare SLT of active and inactive lesions, while 2D was
implemented to establish a range of SLT for active and inactive lesions.

26,27,28

The results of this current study agree with previous studies regarding the

range of SLT. This study also agrees with Cochrane et al.,?®

as it found no significant
difference in SLT between active and inactive enamel lesions. Shahmoradi and Swain?’
reported mean SLT of 56 um?’ for proximal lesions and mean SLT of 51 um for WSL in
another study,?® while in the present study, the mean was 57 pum for active lesions and 52
um for inactive lesions.

The present study raises a question about the wide variation among minimum and
maximum surface layer thicknesses within both active and inactive lesions. SLTs were
statistically similar, ranging from 25 um to 92 um within active lesions and 30 pm to 75
um within inactive lesions (Table V). One explanation would be due to the large
dimensions of the selected natural lesions; one lesion can contain a wide variation of
mineralization levels.’°A single natural lesion may contain areas of activity and
inactivity, but overall can be assumed as active. The studies that found differences in
SLT between active and inactive (or demineralized and remineralized) lesions mainly
investigated artificial lesions.?24%4192 Artificial lesions tend to show a more uniform
structure than natural lesions. Our finding is in agreement with Lee et al.,?® who used PS-
OCT to measure the integrated reflectivity of active and inactive enamel lesions in
smooth surface and occlusal surface groups. They did not find a significant difference in
the integrated reflectivity (AR) between active and inactive lesion groups of the smooth
surface lesion group. However, a significant difference was found in the pits and fissures

18,40,93

lesion group. Previous studies indicated that inactive lesions undergo a
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remineralization process in which partially demineralized crystals and newly formed
crystals increase in size within the lesion body, thus increasing the surface layer
thickness. Since SL studies on natural lesions are limited, further investigations of the SL
thickness in active and inactive natural non-cavitated enamel lesions on smooth surfaces
and fissure surfaces are necessary. For instance, studies on the variation and distribution
of SL thickness within active and inactive non-cavitated lesions are suggested.
Investigations into whether active lesions contain a higher distribution of thin surface
layer along the extension of the lesion than inactive ones may provide a better

understanding of surface layer thickness and caries activity.

QLF DURING DEHYDRATION AND CARIES ACTIVITY

The current study showed a weak negative correlation between AQp at 15s
dehydration and surface layer thickness 2D-Min and 2D-avg with PCC=-0.4 (p = 0.026)
and -0.36 (p = 0.049), respectively. This finding suggests that the thinner the surface
layer, the higher the rate of fluorescence loss, and therefore, the higher the lesion
permeability. The study confirms that AQp can determine (or define) lesion activity in
natural enamel lesions. AQp was significantly larger for active lesions at the first second
of dehydration at 5.0-percent threshold (p = 0.046). This indicates that active lesions have
the ability to lose water more rapidly than inactive lesions due to their higher surface
porosity. Surface porosity is an indication of lesion activity. Active lesions show higher
porosity than inactive lesions, which relates to mineral density.?® Therefore, the more

demineralized the surface, the more active the lesion. Ando et al.”®

previously
demonstrated the ability of QLF during dehydration AQ per second (AQp) to determine

lesion activity at the time of examination in artificial lesions. AQp has shown a rapid
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increase in fluorescence loss rate in active lesions compared with remineralized lesions,
thereby indicating its activity.”® As caries lesions become inactive or arrested by mineral
deposition through the outer enamel layer, the rate of fluid diffusion is reduced, rendering
these lesions inactive. QLF during dehydration exploits the optical changes that occur as

a result of water loss through porous caries lesions in the first few seconds of air-drying.”

SURFACE POROSITY AND SURFACE ROUGHNESS

The study was not able to find a significant correlation between surface roughness
Ra and surface layer thickness PCC = 0.00 for 2D-avg (p-value = 0.994). The correlation
between AQp and surface roughness was not statistically significant. This finding
suggests that roughness and porosity may be different entities and are not necessarily
associated with each other.?® A rough surface does not have to be porous as demonstrated
in the inactive lesion group because they are two different phenomena.?® Therefore, an

inactive lesion may show a rough surface and no porosity.

QLF DURING DEHYDRATION AND SURFACE LAYER THICKNESS

The results of QLF during dehydration showed a weak negative correlation
between AQp at 15-s dehydration and surface layer thickness per 2D-Min and 2D-avg. At
15 s of dehydration PCC =-0.40 (p = 0.026). QLF AQp (%>xmm”2/sec) and surface layer
thickness 2D-avg were significantly correlated, with a weak negative association at QLF
5.0-percent threshold with 15 seconds dehydration (PCC =-0.36; p = 0.049). QLF AQp
(%>xmm”2/sec) was not significantly associated with surface layer thickness 3D (all p >

0.188), Therefore, the null hypothesis was rejected. In relation to caries lesion activity,
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our second hypothesis sought to find an association between surface layer thickness and
activity determined with QLF during dehydration.

In regard to associations of SLT and surface roughness, PCC was 0.12 for 3D
SLT (p =0.529), 0.07 for 2D (p = 0.729), 0.00 for 2D-avg (p = 0.994), -0.24 for 2D-min
(p =10.209), -0.05 for 2D-max (p = 0.796). We are unable to reject the third null
hypothesis, which stated that visual/tactile active caries lesions present rougher surfaces

than inactive lesions.

CARIES LESION SEVERITY ASSESSMENT

The present study showed that active caries lesions were significantly larger in
volume than inactive caries lesions, whereas depth analysis showed a significant
difference in only dentinal lesion depth between active and inactive lesions. Lesion depth
in dentine was significantly larger for active lesions (Table VII; p = 0.009). Enamel and
overall lesion volumes (mm?) from pCT image analysis were significantly larger in
active lesions than in inactive lesions (p = 0.075 for dentine lesion volume, 0.031 for
enamel lesion volume, and 0.022 for overall lesion volume). One of the main advantages
of using nCT image analysis is the ability to provide a 3D volumetric calculation of the
scanned object. Unlike TMR and other histology gold standard methods such as polarized
light-microscopy, uCT are able to provide volumetric information without damaging
enamel samples. pCT has demonstrated its ability to evaluate bone and tooth mineral
density with an accuracy of over 1.0 percent and a resolution between 5 pm and 30 pm.**
It also allows rescanning of the sample in longitudinal studies. The disadvantages of such
a method is mainly the scanning and analysis time for each sample and its high cost.

In the present study, we were able to conduct a volumetric analysis, as well as
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measure caries lesion depth and compare the severity of active and inactive non-cavitated
white spot lesions. In a study by Arnold et al. *> volumetric assessment of natural
proximal caries lesions indicated presence of more than one individual initial caries
lesions at the proximal tooth surface. Natural caries lesions can be highly unpredictable in
terms of mineral distribution; therefore, a three-dimensional volumetric analysis would
provide more accurate information than a two-dimensional depth calculation.

Our study agrees with Kucuk et al.”® confirming that volumetric analysis of
microtomographic imaging is an effective method for evaluation of non-cavitated early
enamel lesions. Kucuk et al.”® utilized microtomographic imaging to measure volume,
depth, surface area, and mineral density changes in enamel lesions through different
remineralization procedures. Microtomographic imaging has shown great potentials as a
gold standard method of measurement and assessment of progression and
remineralization of early enamel lesions.

Our last aim was to determine the lesion severity by correlating lesion volume and
maximum depth acquired by uCT, and AQ value at 15 seconds from QLF during
dehydration. We were able to find a moderate positive association between caries lesion
volume and AQ at 15 seconds of dehydration. At 0.95 uCT threshold and AQ at 15
seconds of dehydration, PCC = 0.56 (p = 0.001). However, AQ at 15 seconds of
dehydration was not significantly associated with uCT lesion depth. QLF has
demonstrated its ability to monitor caries lesion progression and activity assessment.
42.77.18 This current study sheds light on the ability of QLF during dehydration to assess
the severity of caries lesions. Since natural lesion volume is a better indicator of lesion

extension than two-dimensional depth measurement, it is safe to say that our result
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confirms that AQ at 15 seconds of dehydration is able to assess caries severity. As the
lesion increases in volume, the amount of fluorescence loss increases as well.

Within the limitations of this current study, our results in regard to QLF during
dehydration confirm the ability of this method to aid in activity and severity assessment
in addition to monitoring caries progression along with visual and tactile examinations. It
can be a valuable asset for targeting actively progressing non-cavitated enamel lesions,
which are normally most challenging to diagnose in clinical practice. uCT imaging has
shown to be a novel and promising conservative method to study and to assess natural
non-cavitated, early enamel lesion surface layer and overall lesion volume in vitro.
Although the present study was unable to establish a correlation between activity and
surface layer thickness, it provided insight into the nature of the surface layer in natural

enamel lesions, which can be a foundation for investigation in future studies.



89

SUMMARY AND CONCLUSIONS
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Early detection and diagnosis of non-cavitated early lesions can be grueling,
especially for inexperienced dental practitioners. Determination of caries activity is
essential for targeted caries prevention therapy and management, which, if performed
successfully, can drastically decrease the global burden. International Caries Detection
and Assessment System and Lesion Activity Assessment (ICDAS + LAA) provide a
valid method of caries detection and diagnosis, which ensures the management of dental
caries while achieving healthy and effective long-term results. QLF during dehydration is
a promising method of activity and severity assessment that may be used in conjunction
with visual and tactile examination in a clinical setting.

Our main objective was to compare visual and tactile active and inactive natural
non-cavitated early lesions in terms of surface roughness (Ra), pCT lesion volume, uCT
lesion depth, uCT surface layer thickness, QLF AQ, and QLF AQD. One hundred
extracted teeth with ICDAS 1 and 2 proximal lesions were selected for V/T examination
in this study. From these, 15 suspected active and 15 suspected inactive lesions were
chosen by visual and tactile examinations by consensus of two experienced examiners
after training.

Roughness measurements (Ra) were acquired using non-contact optical
profilometry and (Ra lesion - Ra sound) / Ra sound was calculated. Thickness of SL,
volume of lesions and their extent were determined by pCT image analysis. A series of
fluorescence images were acquired at baseline (hydrated), 1s, 5s,10s and 15s by QLF.

During the image acquisition, surfaces were dehydrated with continuous compressed air.
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QLF-variables [average fluorescence loss (%), size (mm?), AQ (%xmm?)] and the
change-in-QLF-variables per second (AQD) were determined. Two-sample -tests were
used for statistical comparisons, while scatterplots and Pearson correlation coefficients
were used to find statistical associations.

The study reported Ra values of 1.57 um and 1.51 pm for active and inactive
lesions, respectively, which were larger values than those obtained from other studies.
Active lesions presented a slightly rougher surface and higher Ra value than inactive
lesion, but the difference was not significant (p = 0.761). Active lesions were 26 percent
rougher than sound tooth surfaces while inactive lesions were 22 percent rougher.

Surface layer thickness ranged from 25 pm to 92 pm within active lesions and 30
pm to 75 um within inactive lesions. The mean SLT was 57 um for active lesions and 52
um for inactive lesions. We were unable to reject the null hypothesis, as active and
inactive lesions did not show a statistically significant difference in surface layer
thickness.

The study confirmed that AQp can detect lesion activity in natural non-cavitated
early lesions. AQp was significantly larger for active lesions at the first second of
dehydration at 5.0-percent threshold (p = 0.046). The study also showed a weak negative
correlation between AQp at 15 seconds of dehydration and surface layer thickness 2D-
Min (PCC=-0.4; p = 0.026) and 2D-avg (PCC = -0.36; p = 0.049). This finding suggests
that the thinner the surface layer, the higher the rate of fluorescence loss, and therefore,
the higher the lesion permeability.

This in-vitro study showed that active caries lesions were significantly larger in

volume than inactive caries lesions (p = 0.022 for overall lesion volume). In contrast,
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depth analysis showed a significant difference only in dentinal lesion depth (p = 0.009)
between active and inactive lesions. A moderate positive association between caries
lesion volume and AQ at 15 seconds of dehydration was found. At 0.95 uCT threshold
and AQ at 15 seconds of dehydration, PCC = 0.56 (p = 0.001). However, AQ at 15
seconds of dehydration was not significantly associated with uCT lesion depth.

In conclusion, under the conditions of this in-vitro study:

1. Active and inactive lesions did not show a significant difference in surface
layer (SL) thickness.

2. Although QLF during dehydration (AQp) did not correlate well with SL
thickness, AQp has the ability to determine lesion activity in natural enamel
lesions; the thinner the surface layer, the higher the rate of fluorescence loss,
and therefore, the higher the lesion permeability.

3. Active lesions presented a slightly rougher surface and higher Ra value than
inactive lesions, but the difference was not statistically significant.

4. A moderate positive association between caries lesion volume and AQ at 15
seconds of dehydration suggests that the larger the lesion volume, the higher

the fluorescence loss.

QLF during dehydration is a valid promising method for activity and severity
assessment in conjunction with V/T examination. pCT is a novel gold standard method
with the ability to provide three-dimensional information on SLT and overall lesion

volume of non-cavitated early lesions in a non-destructive manner.
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ABILITY OF CARIES DETECTION METHODS
TO DETERMINE CARIES LESION

ACTIVITY

by
Fatma Aldawood

Indiana University School of Dentistry
Indianapolis, Indiana

Background: Non-cavitated caries lesions form due to acid diffusion and
demineralization of enamel subsurface with an intact surface layer (SL). Caries lesions
progress when the outcome of demineralization and remineralization processes over time
is net mineral loss. Lesions that continue to demineralize are called active, while those
that display no evidence of further demineralization are called inactive. Micro-computed-
tomography (LCT) analysis provides objective non-destructive measurements of the

thickness of the surface layer (SL) and severity of caries lesions.
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Aims: 1) To investigate if visual/tactile suspected active non-cavitated early white
spot lesions present a thinner surface layer than inactive ones; 2) To investigate if there is
an association between the thickness of the surface layer (SLT) and caries activity, as
determined by QLF during dehydration (AQp); 3) To determine lesion severity by
comparing lesion volume and maximum depth correlation with AQ value at 15 s from
QLF during dehydration.

Materials and Methods: Thirty extracted human premolars exhibiting non-
cavitated approximal white spot early lesions stored in 0.1.-percent thymol/4C° and
treated with 5.0-percent NaOCl1/30 min were included in the study. Fifteen active and 15
inactive lesions were determined by visual/tactile examinations by consensus of two
experienced examiners. Roughness measurements (Ra) were acquired using non-contact
optical profilometry. Two-dimensional minimum (2D-min), maximum (2D-max),
average (2D-avg) SL and three-dimensional (3D) analyses, volume and depth of lesions
were determined from nCT image analysis. A series of fluorescence images were
acquired at baseline (hydrated), at 1 s, at 5's, at 10 s and at 15 s by QLF. During image
acquisition, surfaces were dehydrated with continuous-compressed-air. AQ and AQ/s
(AQp) were calculated. Data were analyzed using two-sample t-tests and Pearson
correlation coefficients (p < 0.05).

Results: Surface roughness of active and inactive lesions was not significantly
different (p > 0.08). Overall lesion volume and depth in dentin were significantly larger
in active lesions (p = 0.022, p = 0.009). SL thickness of active and inactive lesions was
not significantly different (2D = 0.121, 3D = 0.080, 2D-avg = 0.446, 2D-min = 0.197,

2D-max = 0.122). AQp at 1s was significantly larger for active lesions (p = 0.046). AQ at
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15 s of dehydration had a moderate positive association with lesion volume (r = 0.56).
AQp had a weak negative association with SL thickness (2D-avg) and (2D-min).
Conclusions: 1) Active and inactive non-cavitated lesions show no difference in
SL thickness; 2) QLF during dehydration (AQp) does not correlate well with SL
thickness; 3) AQ at 15 s of dehydration correlates moderately well with lesion volume

and is consistent with caries activity assessed by visual/tactile examination.
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