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Objective: To explore the potential of combining non-contact profilometry (NCP) and confocal laser scanning
microscopy (CLSM) data to measure the entire erosive process non-destructively and to validate findings using
inductively coupled plasma-atomic emission spectroscopy (ICP-AES), scanning electron microscopy (SEM) and
surface microhardness (SMH) using the same samples throughout.
Methods: Polished bovine enamel samples (n = 35) were divided into groups (7/group) with similar SMH values.
Samples underwent individual erosive challenges (1 % citric acid, pH3.8) for 1, 5, 10, 15 or 30 min under stirring
and aliquot extracts were analysed for Ca and P by ICP-AES. SMH was used to measure erosive softening. Pro
filometry was used to assess bulk volume loss (BVL). Images were captured by SEM. Samples were stained with
rhodamine-B (0.1 mM, 24 h) and images captured by CLSM. Image processing was used to determine changes in
fluorescent volume for the first 10 μm (ΔFV10) for each enamel sample which were combined with BVL to
calculate total lesion volume (TLV). ANOVA, linear regression and Pearson correlation analysis were used where
applicable.
Results: Surface softening, [Ca], [P], BVL and ΔFV10μm increased with acid erosion duration which were sig
nificant by 10 min (P < .01). The Ca:P ratio increased to 1.57 then decreased after 5 min erosion suggesting a
sub/surface phase change, which was observed by SEM and CLSM showing significant changes to the enamel
surface and subsurface morphology with time. Combination of BVL and ΔFV10 as TLV strengthened the signif
icant correlations with [Ca], [P], and SMH (P < .01).
Conclusion: This novel combination of CLSM and NCP allows for concurrent non-destructive quantification of the
entire erosive process by mineral loss, and qualitatively characterise microstructural changes during dental
erosion.

1. Introduction
Dental erosion is considered a surface phenomenon caused by
exposure to acid of non-bacterial origins, in contrast to dental caries
[1–7]. Dental erosion progresses by the combination of bulk surface loss
and mineral-loss below the surface (subsurface) from the erosive lesion
[1]. Bulk surface loss during erosion can be quantified with relative ease
using profilometric techniques [8,9]. Therefore, erosive lesions are
typically measured using direct surface changes, being the characteristic
bulk tissue loss (profilometry) or surface softening (surface microhard
ness, SMH) [10,11]. Measurement of these surface changes are useful for

quickly assessing the extent of erosion without destructive sample
preparations and are routinely used to assess anti-erosive properties of
oral care products [8–17]. However, erosive lesions, while don’t pene
trate the subsurface as deep as carious lesions, nonetheless have a sub
surface component often overlooked. The available techniques for
subsurface characterisation are limited with little or no information
provided on pore morphology of the erosive lesion. Currently no method
exists which can assess the surface and subsurface non-destructively,
qualitatively or quantitatively, for changes in pore morphology of an
erosive lesion.
Transverse microradiography (TMR), which is widely regarded as
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sample was imbedded per resin disc with a rough area ≈0.5 ± 0.2 cm2.
Acid resistant varnish was placed on the surface of the disc leaving an
exposed area of enamel roughly 0.1 cm2 (Fig. 1). The area was measured
from a photograph of the sample against a ruler to calibrate the pixel
dimensions using Fiji (Image J, Ver.1.52i).

the gold standard for measuring mineral loss as a function of depth for
carious lesions, has seen limited use with erosive lesions [18–20]. It is
destructive and extremely difficult to perform on the fragile erosive
lesion surfaces and provides no information on the pore morphology.
Scanning electron microscopy (SEM) was utilised by Fowler et al.
[19] in a similar fashion as TMR where improvements in the resolution,
attributed with SEM, provided pore morphology information of the
subsurface (as well as mean mineral density distribution), although only
on the prepared surfaces of sections, assumed to be representative of the
entire lesion. Again, this is a destructive technique.
Optical coherence tomography (OCT) is a non-destructive means of
imaging the surface and subsurface by the scattering of light which has
seen success primarily with caries lesions. Use of OCT with erosive le
sions has been explored with limited success, but lacks the spatial res
olution for the study of pore morphology [21–25].
Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
estimates erosion progression via changes in the Ca and PO4 concen
trations of experimental solutions, using calculations based on hy
droxyapatite stoichiometry and density [8,26–28]. However, there is
currently no way to distinguish between surface and subsurface Ca and
PO4 eluted during erosion meaning this method measures total erosive
damage indirectly.
Non-contact profilometry (NCP) is capable of non-destructive anal
ysis of bulk tissue loss of the enamel surface something which is
routinely used to measure erosion in vitro [12–17] and in situ [9,17].
Coupling of profilometry with sonication allowed for the erosive lesion
to be assessed from differences in height after removal as reported
Eisenburger et al. [29]. This coupling of profilometry and sonication
creates a potentially destructive method of assessing the depth of the
erosive lesion which is not guaranteed to be removed entirely.
Techniques which encompass both areas of erosion (bulk tissue and
subsurface mineral loss) are few, as previously discussed by Hookham
et al. [30], with the majority requiring destructive sample preparation or
have limited sensitivity, such as NCP, TMR, SEM and OCT [18,19,25].
Meaning a viable technique, or combination, which can assess both
areas non-destructively is needed.
Confocal laser scanning microscopy (CLSM) on the other hand is
capable of non-destructive assessment of erosion as a function of depth
by fluorescent volume quantified using image processing, as reported by
Hookham et al. [30]. Using image processing with CLSM allows for
further understanding of the stages of erosion at the subsurface in which
a steady state of erosion (SSE) being reached was shown not to occur
after 30 min exposure to citric acid [30]. It is also a technique which has
been correlated with mineral loss from caries lesions measured by TMR
[31] showing the validity of using CLSM to measure subsurface
demineralisation.
Using NCP and CLSM together to measure the erosive process
entirely and in its parts (surface/ subsurface) has yet to be reported as an
entirely non-destructive method. Therefore, this study extends previous
work reporting the application of a novel image processing method of
CLSM compared against a multitude of applications being SMH and NCP
[30]. The key aim of this study is to build upon previous work by
Hookham et al. [30] exploring the potential to combine profilometric
and CLSM data for measuring the entire erosive process
non-destructively and validate findings using ICP-AES, SEM and SMH
using the same samples throughout. A secondary aim was to determine
the reproducibility/comparability of the image processing method
meaning replication of certain experimental approaches from a previous
study [30] was necessary to serve as a comparator.

2.2. Experimental procedure
Thirty-five enamel blocks (n = 7/group) were allocated at random to
one of five erosion period groups (1, 5, 10, 15 and 30 min) so no sig
nificant difference in mean microhardness or exposed area were detec
ted. Samples were individually acid etched in 100 mL of citric acid
(0.05 M, pH 3.8 adjusted with KOH) under agitation using a stirrer bar
hot plate (Stuart Hotplate Stirrer SB302) set at ≈150 rpm. Samples were
removed and rinsed with DI water for 10 s and left to air dry. A 20 mL
acid aliquot was kept from each sample acid solution and analysed by
ICP-AES immediately. SMH was carried out prior to acid resistant var
nish removal by acetone then subsequently followed by SEM, NCP and
CLSM.
2.3. Surface microhardness
A Vickers surface microhardness indenter (Struers Duramin 1,
Ver.2.01) was used to measure enamel hardness using a constant load
(1.98 N) and 10 s dwell time. The objective lens (40x, NA 0.65) was zero
set and calibrated to a known standard (400 kg mm− 2) using the test
parameters prior to analysis. The samples were measured 6 times for a
mean surface hardness value before (SMHb) and after erosion (SMHe),
with change in hardness (ΔSMH) being calculated by subtracting mean
erosion hardness from mean baseline hardness values (SMHb – SMHe =
ΔSMH).
2.4. Inductively coupled plasma-atomic emission spectroscopy
ICP-AES (Jobin-Yvon, Ultima 2 ICP-AES) analysed Ca and P content
of acid solutions using spectral lines 393.366 and 213.618 nm respec
tively. A calibration curve was created with an acceptable correlation
value (R = 0.999) using known standards of 5 and 10 ppm Ca and P
respectively within the same solution. The test solutions were tested
from blank acid and increasing in erosion duration (1–30 min),
measuring in triplicate per test solution. The amount of each element
was converted to a concentration and normalized to the area of exposed
enamel. The background levels of Ca and P measured in the blank acid
was subtracted from all test samples [26,27] .
2.5. Non-contact white light profilometry
3D non-contact profilometry (Scantron, Proscan 2000, sensor S13/
1.1) was utilized after erosion. A raster scanning pattern with a 50-μm
step in the x and y directions measured the entire sample with a lateral
resolution of 25 nm. An average of 8 scans was collected with a sampling
rate of 100 Hz. Using the dedicated Scantron software (Proscan
V2.1.1.15B) step height was measured after using 3-point levelling of
the reference surface to account for any unevenness in flatness of the
samples. The average height of the data inside a consistent measurement
area 10 μm either side of the step formed from erosion was measured,
where the difference between the eroded and reference zones average
height was deemed the step height. Step height was averaged over 3
measurements per sample. The mean step height collected was deter
mined to be the net bulk tissue loss of the sample. Bulk volume loss
(BVL) was calculated by multiplying the step height by the known area
measured by CLSM (4031 μm2).

2. Methods
2.1. Sample preparation

2.6. Scanning electron microscopy

Bovine enamel samples were prepared as previously reported by
Hookham et al. [30] with differences outlined below. One enamel

SEM (Phenom G2 Pro) was used to capture images of exposed enamel
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Fig. 1. Schematic of single block sample preparation.

Fig. 2. Mean change in surface microhardness (ΔSMH) of
bovine enamel and mean eluted calcium and phosphorus con
centrations after exposure to stirred citric acid (1 %, pH .8)
solutions for different durations (1, 5, 15, 30 min) (n = 7/
group) measured by surface microhardness and inductively
coupled plasma-atomic emission spectroscopy. Error bars are
standard errors of the mean. Significant Pearson values of
0.937, 0.917 and 0.948 for ΔSMH, [Ca] and [P] respectively
(P < .01). Different lowercase letters denote significant differ
ences between time points (P < .05).The ΔSMH data presented
are reproduced using the same experiment protocol as reported
by Hookham et al. [30] to serve as a same sample set
comparison.

surfaces, at different magnifications (1000×, 12000×), after the
experimental conditions. SEM was used in back scattered detection
mode with an accelerating voltage of 10 kV. Working distance and beam
spot size were adjusted automatically by dedicated phenom software to
achieve a resolution of 25 nm. The images were compared to determine
morphological changes to the surface as erosion progressed.

2.8. Image processing
Fluorescent volumetric data was acquired using image processing
with Fiji (Image J, Ver.1.52i) as previously reported by Hookham et al.
[30]. The sample image was loaded into Image J as a 12-Bit image. A
sliding parabola algorithm with pixel size 25 was used to subtract the
background and reduce any uneven illumination of the sample. A 3D
median filter was applied with a size of 2 × 2 × 2 pixels to reduce noise
while preserving object edges. A local contrast enhancement was per
formed with block size (10 pixels) increasing the histogram binning. The
image was segmented using Huang’s automatic threshold to separate
objects (fluorescent dye) and background pixels creating a binary image
using the stack histogram. The foreground and background pix
els/voxels were measured for each image within a stack where area was
calculated using the known pixel dimensions. The area fraction as a
function of depth was then determined for every sample and plotted in
Excel.
A defined surface was used to align the fluorescent area as a function
of depth data allowing for averages to be calculated at each depth.
Fluorescent volume as a function of depth was calculated using area
under the curve analysis. The mean change in fluorescent volume (ΔFV)
was calculated by subtracting the volumetric data of a reference image
from the data of an eroded image of from the same sample. The data
were subsequently averaged and plotted as a function of depth. ΔFV was
determined for the first 10 μm of each enamel sample and subsequently
averaged for each group (ΔFV10). Total lesion volume (TLV) was

2.7. Confocal laser scanning microscopy
Rhodamine B (aq, 0.1 mM, pH 8) was used to stain enamel samples
for 24 h within a fridge at 8 ◦ C in total darkness to prevent photo
bleaching. After staining and rinsing with DI water for 10 s the samples
were then mounted onto a glass slide (No. 1.5) with an immersion oil
(Olympus immersion oil Type-F, MOIL-30). Images where captured
using an inverted confocal laser scanning microscope (Olympus Fluo
View FV1000, FV10-ASW Software Ver.4.1.1.5) in fluorescence mode
with an oil immersion lens (Zeiss ACHROPLAN, 100x, NA 1.25). A
543 nm laser (HeNe-G/ Helium-Neon gas laser) set at 49 % intensity was
used to excite rhodamine B, where an emission spectrum was captured
between 555–655 nm. Each pixel was scanned at a rate of 10 μs across a
window of 800:800 pixels with zoom set at 2, resulting in a voxel size of
0.079 (x) x 0.079 (y) x 0.450 (z) μm. Gain (2) and offset (8) were kept
constant throughout all imaging with adjustment to brightness made by
fine-tuning the detector voltage. A pinhole of 246 μm was employed by
the software automatically.
3

M.J.F. Hookham et al.

Journal of Dentistry 110 (2021) 103688

estimated by the addition of BVL and ΔFV10.

3.2. Confocal laser scanning and scanning electron microscopy
The reference image shown in Fig. 3 shows an intact enamel surface
with scratches formed by the polishing procedure during sample prep
aration. Erosion for 1 min led to no distinct visual surface or orthogonal
changes being observed by CLSM or SEM. After 5 min erosion the surface
was observed to change by CLSM showing visible prism structures and a
rougher surface which was more distinct by 30 min erosion with the
gradual removal of the surface scratches from sample preparation.
Comparing the orthogonal view, an increase in rhodamine B fluores
cence (light grey) was detected with increasing erosion duration, indi
cating the lesion beneath the surface was growing in depth. The pore
architecture was observed to increase in size becoming increasingly
more visible with time spent exposed to acid. The SEM micrographs at
1000 and 12000× magnifications confirm what was observed by CLSM
with increasing roughness and exposure of the prism structures as
erosion progressed with time. The enamel surface was shown to be
heavily eroded after 10 min erosion by SEM.

2.9. Statistical analysis
Using a dedicated statistical packaged (IBM SPSS, Ver26) 2-way
ANOVA and Tukey post hoc tests were used to determine significant
differences in mean ΔSMH, BVL, [Ca], [P], ΔFV and TLV between
different erosion durations (P < 0.05). Pearson correlations were
calculated between measured variables and tested for significance in
SPSS (P < 0.01). Linear regression analyses were performed within
Excel.
3. Results
This work extends data previously reported [30] on the novel
application of image processing of CLSM images and compared to SMH
and NCP data, to this end similar data was collected in this study for
comparison.

3.3. Confocal laser scanning microscopy and non-contact profilometry
volumetric analysis

3.1. Surface microhardness and acid Ca and PO4 analysis

Fig. 4 shows a significant (P < .001) increase in volume loss with
duration exposed to acid from the surface (BVL), inside the erosive
lesion (ΔFV10) and their combination (Total lesion volume, TLV). Sig
nificant differences in durations times for BVL, ΔFV10 and TLV were
detected by 10 min (P < .01). Linear regression analysis of Fig. 4 showed
a rate of BVL, ΔFV10 and TLV of 5509, 4155 and 9664 μm3 min− 1
respectively. A strong linear correlation with time was also detected for
BVL, ΔFV10 and TLV by Pearson values of 0.904, 0.803 and 0.848
respectively (P < .01).

Mean surface microhardness values and exposed surface areas did
not differ significantly at baseline (P > .56). After exposure to acid all
samples hardness values reduced significantly from baseline (P < .002),
with a total reduction of 55 % by 30 min. Fig. 2 shows the mean change
in surface microhardness (ΔSMH) of the enamel surface as erosion
progressed. ΔSMH was shown to significantly increase with duration of
erosion by 10 min (P < .014). A linear trend is maintained until 30 min
where a plateau in softening is detected. A significant positive correla
tion is detected between erosion duration and ΔSMH with a Pearson
value of 0.937 (P < .01). Fig. 2 shows the progression of erosion by Ca
and P concentrations eluted into the acid solutions which increase with
increasing duration of erosion. A significant effect of erosion was
detected on the [Ca] and [P] (P < .001). A significant positive correla
tion was detected between concentration of eluted Ca or P and erosion
duration with Pearson values of 0.917 and 0.948 respectively (P < .01).
The Ca:P ratios in Table 1 increased to 5 min then decreased thereafter.

3.4. Correlations
Table 2 shows the Pearson correlation values between measured
variables. A strong correlation exists between [Ca] and [P] concentra
tions (R = .982). The combination of two variables to create TLV (BVL +
ΔFV10) was shown to increase the strength of the correlation with
hardness and ion concentrations (R > .866). All correlations were
determined to be significant (P < .001).

Table 1
Inductively coupled plasma-atomic emission spectroscopy results of calcium and
phosphorus concentrations with estimated lesion depth (LD) for bovine enamel
exposure to stirred citric acid (1 %, pH 3.8) solutions for different durations (1,
5, 10, 15, 30 min).
2

Erosion
Duration/min

[Ca]/mM
cm− 2 (SE)

[P]/mM cm−

1

0.0309
(0.00585)a
0.0783
(0.00342)a,b
0.105
(0.0149)b,c
0.143
(0.00744)c
0.295
(0.0266)d

0.0208 (0.00229)a

1.44 (0.12)

0.0508 (0.00446)a,b

1.63 (0.19)

0.07106 (0.00619)b

1.45 (0.078)

0.118 (0.00790)c

1.23 (0.023)

0.241 (0.0176)d

1.21 (0.032)

5
10
15
30

(SE)

4. Discussion
This report of the novel combination of CLSM and profilometry
volume measurements extends the previous results [30] where CLSM
was applied to the same experimental model, facilitating for compari
sons between the results. The CLSM based measurements were repro
ducible across both papers, with a minor change to the image processing
method introducing a 3D median filter to enhance noise reduction. Use
of citric acid, bovine substrate and rhodamine B were suitable for the
nature of this work as discussed previously by Hookham et al. [30]. This
development allows for a non-destructive approach whereby combina
tion of CLSM and profilometry data provide quantitative and qualitative
assessment of dental erosion at the surface/subsurface.
The findings of increasing surface softening (Fig. 2) and bulk volume
loss (Fig. 4) support the rapid progression of erosion, which agreed with
the results reported by Hookham et al. [30]. A steady state of erosion
could be suggested due to the rate of softening reducing with time as
measured by SMH. The SSE is suggested to occur when the rate of lesion
progression and bulk tissue loss reach equilibrium, where the lesion does
not appear to grow in depth meaning softening remains constant as
suggested by Lussi et al. [32] and Shellis et al. [33]. The CLSM and
ICP-AES results show a contrasting response with no SSE being achieved
with continuous lesion growth and mineral loss detected (Figs. 2 & 4).
CLSM cross sectional images showed consistent lesion growth in depth
as erosion progressed (Fig. 3), evidencing the absence of SSE.

Ca:P (SE)

a, Different lower-case letters denote significant differences between groups
(P < .05).
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Fig. 3. Scanning electron microscopy micrographs of a bovine enamel surface exposed to different durations (1, 5, 10, 15, 30 min) of stirred citric acid (1 %, pH 3.8)
solutions at 1000× and 12000× magnifications with scale bars of 80 and 5 μm respectively. Confocal laser scanning microscopy images of surface and cross sections
of bovine enamel stained with rhodamine B for 24 h after different durations exposed to citric acid (1 %, pH 3.8) solutions. Scale bars are 10 μm.
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Fig. 4. Average bulk volume loss (BVL), total fluorescent volume (ΔFV10) and total lesion volume (TLV) of bovine enamel exposed to stirred citric acid (1 %, pH 3.8)
solutions for different durations (1, 5, 10, 15, 30 min) (n = 7/ group). Error bars are standard errors of the mean. Pearson values of 0.904, 0.803 and 0.848 for BVL,
ΔFV10 and TLV respectively (P < .01). Different lowercase letters denote significant differences between time points (P < .05).

reprecipitated phase onto the enamel surface with a Ca:P ratio closer too
other calcium phosphate minerals (Brushite, Monetite, Whitlockite) [37,
38]. While the acid solution would be infinitely undersaturated with
respect to relevant calcium phosphates, localisation of dissolution
products at the enamel-acid interface may lead to supersaturation. This
could lead to localised supersaturation and deposition of these CaPO4
onto the enamel surfaces as results of the demineralisation as is for the
case for dental caries [39,40]. Lynch et al. [40] shows that reminerali
sation is also possible at low pH, albeit in the presence of fluoride. Gao
et al. [39] showed demineralisation was completely inhibited at pH 2.5
where the degree of saturation of the demineralisation solutions was
shown to be crucial.
The potential formation/deposition of a more acid resistant material
could explain the reduction in Ca:P ratio (to 1.21) alongside the rates of
BVL and softening. It is well known that acidic calcium phosphates, like
brushite, have a lower solubility than hydroxyapatite under acidic
conditions (pH < 4) [41,42]. The increased resistance to acid dissolution
would drive the acid to penetrate deeper into the enamel and remove
more acid soluble material, something observed with dental caries [2,
40,43,44], explaining the steady increase in lesion volume with depth
captured and measured by CLSM (supplement file, Figs. 1 & 2). The
differences in the ΔFV depth profiles of erosive lesions of varying
severity was like that reported by Hookham et al. [30], where lesion
growth was detected as a function of depth showing the reliability of this
CLSM measurement technique. The inability to determine Ca and P or
igins (surface/subsurface) measured by ICP-AES means further compo
sitional analysis, such as secondary ion mass spectrometry or X-ray
photoelectron spectroscopy, would be required to identify the deposi
tion of less soluble material.
The combination of BVL and ΔFV10 (as TLV) allowed for erosion to
be measured entirely non-destructively something which has yet to be
reported to this authors knowledge. TLV was shown to increase the
Pearson correlation values with both Ca and PO4 when compared to BVL
or ΔFV10 alone (Table 2). This increase in Pearson value would be ex
pected as Ca and PO4 would originate from mineral removed from both
the surface and internal surfaces, and so give a total picture of the
erosive process. It has been shown that applying image processing to
CLSM images to quantify subsurface erosion by ΔFV10 and combining
this with bulk tissue loss is a viable method for assessing erosion in its
entirety, something which has not been reported before. This image
processing method allows for greater insights into the erosive process
showing the effects beneath the surface are more important than

Table 2
Variable Vs Variable Pearson Correlation Table.
Measurement

Pearson Value

Measurement

Pearson Value

[Ca] Vs ΔSMH
[Ca] Vs BVL
[Ca] Vs ΔFV10
[Ca] Vs TLV
[Ca] Vs [P]
ΔSMH Vs TLV
BVL Vs ΔFV10

0.850*
0.841*
0.766*
0.866*
0.982*
0.910*
0.753*

[P] Vs ΔSMH
[P] Vs BVL
[P] Vs ΔFV10
[P] Vs TLV
ΔSMH Vs ΔFV10
ΔSMH Vs BVL

0.884*
0.878*
0.774*
0.892*
0.835*
0.858*

ΔSMH = Change in surface microhardness, ΔFV10 = Change in fluorescent
volume.
BVL = Bulk volume loss, TLV = Total lesion volume.
*
Denotes significant correlations at P < .01 two tailed (n = 35).

The variation in findings between SMH and CLSM may arise from a
lack of sensitivity of SMH indentation relative to more subtle erosive
damage at greater depths, which was captured by CLSM. The main
contributing factor to the reduced sensitivity of SMH at measuring
erosion is the penetration depth of the indenter which is limited (≈5 μm)
causing any erosive damage below this value to be largely unaccounted
for. Comparable conclusions of caries lesions upon lamination of the
lesion surface have been drawn for SMH [34]. CLSM can be used to
assess the erosive lesion with greater sensitivity in depth compared to
SMH leading to the increased understanding of the erosive process
established within this study.
The CLSM surface images show a gradual change in the enamel
surface morphology from smooth to a rougher enamel surface which was
also detected by SEM micrographs (Fig. 3). The SEM micrographs show
the distinct progression of erosion with time by the removal of bulk
tissue exposing the prism morphology at the surface, whereby distinct
tissue loss is observed after 5 min erosion. After 5 min erosion the prism
boundaries are heavily eroded agreeing with BVL measured by profil
ometry. The SEM shows the surface becoming rougher as erosion pro
gressed which is typical of the polished enamel substrate used which
deviates from a natural unpolished enamel surface which became
smoother, as shown by Mullan et al. [35] using human enamel.
ICP-AES was used to detect the rapid dissolution of Ca and PO4
during erosion, whereby at 5 min the enamel was eroding entirely with a
Ca:P ratio like that of intact enamel 1.61 [36] (Table 1). As erosion
progressed the Ca:P ratio reduced in solution, indicating a possible
6
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previously considered.
Utilising image processing of CLSM with NCP allowed for the novel
combination of metrics as TLV allowing for the entire erosive process to
be quantified non-destructively. The combination of metrics as TLV
strengthened the correlation with Ca and P measured by ICP-AES further
showing the validity of this measurement approach for assessing dental
erosion. The resolution of CLSM is lower than that of SEM but is more
than adequate for imaging pore spaces of 50–200 nm. This CLSM reso
lution allows for changes in pore morphology to be visualized and
quantified which is a clear improvement over TMR and OCT. The nondestructive nature of CLSM also makes this method a viable technique
for assessing multiple locations of the enamel subsurface something
which TMR and SEM are unable once sectioned. Upon coupling NCP
with CLSM a total picture of the erosive process was achieved further
showing no steady state of erosion was detected by the constant lesion
growth with depth, supporting previous findings reported by Hookham
et al. [30].
This shows that the data from two different studies is comparable
making the CLSM and NCP a valid and powerful approach for measuring
erosion. This comparability is further enhanced by the high accessibility
of CLSM, NCP and ImageJ, with most research institutes having access to
these common techniques and software. It should also be noted that
CLSM is also capable of measuring bulk volume loss meaning it is
possible to measure erosion entirely non-destructively with one tech
nique [15,45,46]. This means if access to NCP is limited CLSM can be
utilised in its place increasing accessibility further.
Limitations of using this method are the errors associated with
measuring small step height changes with NCP, which was shown to
increase significantly when measuring height changes below 0.49 μm by
Mullan et al. [47]. This means limited damage from initial erosion
maybe difficult to measure using NCP. A limitation associated with
CLSM is the measurements for exposed and reference areas are not the
same location and, like TMR, assumes they would react in the same way.
Furthermore, no direct compositional analysis can be achieved with
either NCP or CLSM meaning other methods would be needed to identify
exactly any potential phase changes during the erosive process at the
enamel surface and subsurface.
Use of human enamel should be explored for optimisation of this
method allowing for easier extrapolation of results to a clinical situation.
This can be further enhanced by development of a longitudinal method
for CLSM and NCP with potential removable or decomposable dyes. This
would negate the above limitation and allow for the same sample and
location to be imaged from start to finish. This would allow for use in ex
vivo/in situ clinical studies and if successfully miniaturised a clinical
diagnostic tool.
Other areas for improvement of this technique are utilising higher
aperture optics and super resolution microscopy to provide enhanced
resolution and detail of morphological changes to the enamel surface
and subsurface during erosion. Use of more 3D image processing should
be explored further to determine if improved segmentation of images
and so increasing the accuracy of fluorescent volume measurements by
CLSM.
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