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Objectives: Differences in the mineral concentration (MC) level of dental enamel may represent a precursor of
white spot lesions adjacent to fixed orthodontic brackets. The aim of the current in vitro study was to compare the
MC level central, occlusal and cervical to orthodontic attachments.

Methods and Materials: A total of 16 enamel blocks were obtained from sound human premolar samples extracted
for orthodontic reasons. The buccal portion of the dental enamel blocks was divided into central, occlusal, and
cervical regions and then imaged and measured to calculate the level of MC using quantitative X-ray micro-
tomography methods (XMT) at each site.

Results: There was a substantial variation in the mineral concentration with the lowest level being detected in the
cervical region when compared with other regions. The MC of the gingival zone was significantly lower than that
of the middle zone (P<0.05) and was insignificantly lower than that of the occlusal zone.

Conclusion: Within the limitations of the current study, it can be concluded that the cervical region of the per-
manent enamel had the lowest mineral concentration using XMT. The cervical region may therefore be more
vulnerable to the development of white spot lesions (WSLs) adjacent to a fixed orthodontic appliance during
orthodontic treatment.

Clinical significance: Using X-ray microtomography lower mineral concentration in the cervical region of the
enamel was observed. This may make these areas particularly susceptible to demineralisation during fixed
appliance-based orthodontic treatment and may influence the bond strength of fixed orthodontic attachments.

1. Introduction The prevalence of visible WSLs on teeth treated with orthodontic

appliances ranges from 25% to 28% [8,9], although significant

Mineralisation can be considered an important property that influ-
encing the mechanical behaviour of mineralised tissues such as teeth [1,
2] and bone [3,4]. Tooth enamel is composed of 95% minerals, 4-5%
water and 1% organic compounds by weight [5]. The variation in
mineral concentration (MC) levels may predispose to the formation of
white spot lesions (WSLs). These lesions may have negative aesthetic
connotations while also risking the development of frank cavitation.
Previous research has linked the MC level of dental enamel and caries
susceptibility [6,7].
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inter-individual variation exists. As a population average, the lowest MC
scores were observed in the cervical region of dental enamel which may
be associated with the hygiene index [10]. Many studies suggest that MC
is inversely correlated with the development of WSLs on the enamel
surface [6,7]. In orthodontic practise, WSLs are usually detected on the
boundary of the orthodontic bracket, in areas prone to plaque stagnation
[11]. Accordingly, remineralisation can be promoted by delivering
additional phosphate and calcium ions on the dental enamel surface
adjacent to the orthodontic brackets [12].
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X-ray microtomography (XMT) has gained traction within ortho-
paedic and dental research due to its ability to detect mineral concen-
tration levels at the micron scale allied to its non-invasive and non-
destructive nature [12-15]. XMT can provide high-quality analytical
data and three-dimensional internal visualisation making it invaluable
for longitudinal research [16].

The current in-vitro study aimed to evaluate the variations in the
mineral concentration profile of sound human enamel tissue neigh-
bouring a hypothetical orthodontic bracket in extracted permanent
teeth using a novel non-destructive technique of XMT. We aimed to test
the null hypothesis of no difference in the level of MC between three
different areas of enamel adjacent to an orthodontic bracket.

2. Materials & methods
2.1. Specimen selection and preparation

The sample size calculation was based on a previous study [17].
Thirty human premolars extracted for orthodontic purposes were
randomly selected from an archived cohort with ethical approval from
the QMREC Research Ethics Committee (#2011/99). The teeth were
selected based on visual estimation utilising an optical stereomicroscope
(VWR International, USA) at 40x magnification. Sixteen out of 30 teeth
were included in the final grade according to the following inclusion
criteria: no obvious carious lesions, no cracks, or any other surface de-
fects. Teeth were stored in 70% volume ethanol solution at 4°C before
testing. Separation of the root was performed below the cementoenamel
junction. Sixteen enamel blocks of uniform height (roughly 5 mm + 0.4
in height coronal-apically) were obtained from the non-excluded teeth.
The enamel blocks were then polished using a slurry of non-fluoridated
pumice and cleaned with water for 60s utilising a slow-speed angle
handpiece and prophy brush and subsequently rinsed. Three enamel
blocks were fixed together vertically by wax to the floor of a small plastic
tube filled with saturated thymol solution to avoid bacterial growth
during the experiment and to prevent drying, shrinkage and cracking of
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the blocks. The enamel blocks were separated from each other while
being fixed using two 1 mm thick plastic rings (Fig. 1).

2.2. X-Ray microtomography

Specimens were imaged utilising an ‘in-house’ XMT scanner devel-
oped at Queen Mary University of London (QMUL) [18]. The MuCAT2
system, unlike traditional commercial systems, was designed to elimi-
nate ring artefacts and to produce images with high contrast [19], a key
factor in producing images for mineral analysis [18,20,21]. Specimens
were imaged at the following settings: 90 keV, 180 pA with a 20 pm
voxel size. Each specimen was imaged with a typical scan time of 20
hours.

2.3. Mineral concentration measurements

Image reconstruction was carried out using the method outlined in
Davis and Mills [21] which is based on a modified Feldkamp cone-beam
reconstruction method [21,22]. Tomview (Version 1.1, G.R. Davis,
QMUL, 2003-2022), a visualisation software specific to MuCAT2, was
used to visualise the 2D slices in one of three orthogonal planes
(occlusal, buccolingual, mesiodistal).

Mineral concentration measurements were carried out in Tomview
with measurements taken within the enamel subsurface (>60 pm from
the enamel surface) on each tooth within three distinct zones: ‘Middle’
representing the area below the middle of the hypothetical orthodontic
bracket; ‘Occlusal’ 2 mm above from ‘Middle’, and ‘Cervical’ 2 mm
below from ‘Middle’ zone (Fig. 2). Nine points (3-voxel coordinate
markers) were positioned in each zone to measure the linear attenuation
coefficient (LAC), with three points placed on the middle, occlusal and
cervical zones (Fig. 3.B), each slice equating to an approximate size of 20
pm (Fig. 3). A total of 27 points were taken for each tooth (3 points
within each zone, 3 zones; 3 x 3 x 3), with each point measuring the
mean LAC within a 3 x 3 x 3 voxel volume (27 voxels in total).

The measurements were subsequently exported into Microsoft Excel

Enamel Blocks

(5.00 mm + 0.4)

Thymol Solution

Plastic rings

Wax
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Fig. 1. Specimen set-up for XMT scans.
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Fig. 2. A: An example of a reconstructed tooth with the three distinct zones labelled; ‘Occlusal’, ‘Middle’ and ‘Cervical’; B: Location of the orthodontic bracket in
relation to the three zones.

Fig. 3. Locations of the measurements, in a representative tooth within the ‘Middle’ zone. A. Slice 151/266. B. 149/266. C. 153/266.
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(Version 1909, 2019; Microsoft, USA) for further analysis. To convert
LAC measurements to mineral concentration, the following formula was
used [21]:

H— Uy
C= pm
Hon—Hs

Where:

u is the measured LAC.

Hm is the LAC of 100% mineral (3.12 cm! at 40 keV [23D).
Us is the mean measured LAC of the solution.

pm is the known density of 100% mineral (3.16 gem™3).

2.4. Statistical analysis

IBM SPSS Statistics version 25.0 (SPSS Inc., Chicago, IL, USA) was
used to analyse the sample data, including descriptive statistics (mean,
standard deviation). One-way analysis of variance (ANOVA) was used to
explore any significant difference in the mineral concentration among
the three regions neighbouring the hypothetical bracket. Tukey’s post
hoc test was performed to identify any significant difference between
the two regions. A P-value less than 0.05 was considered statistically
significant. The normality of data was confirmed using Shapiro-Wilks’s
test (P > 0.05).

3. Results

Using one-way ANOVA, a significant difference was found in the
mean mineral concentration between the three zones (P<0.05, Table 1).
Tukey’s post hoc test demonstrated that the middle zone (A1) had the
highest enamel mineral concentration (MC) when compared with other
zones (3.07 g em 3, Table 2). The mean difference in enamel mineral
concentration between middle, occlusal and cervical zones is illustrated
in Table 2. The MC of the gingival zone (A3) was significantly lower than
that of the middle zone (A1) (P<0.05) and was insignificantly lower
than that of the occlusal zone (A2). In addition, the occlusal zone (A2)
had lower MC than the middle zone (A1); however, this variation was
not significant. The MC profile of the three measurement zones is
illustrated in Fig. 4.

4. Discussion

The MC of enamel tissue varied between regions adjacent to the
hypothetical orthodontic bracket. The cervical region was found to have
the lowest mineral concentration compared to the middle and occlusal
regions. Conversely, the middle region was found to have the highest MC
level. This might be due to the thickness of the enamel in this region.
Similarly, Wong et al. measured the MC level of deciduous teeth using
the XMT method and found a large difference in the amount and the
gradients of MC in posterior primary teeth [17]. In addition, the current
study highlights the potential impact of the low mineral concentration in
the cervical region of the dental enamel on potential WSL development
during fixed appliance-based treatment. Moreover, there may be po-
tential implications in terms of the bond strength of orthodontic
attachments.

The formation of WSLs or enamel decalcification is a major problem

Table 1
Descriptive statistics and ANOVA test of mineral concentration of three mea-
surement zones.

Measurement Zones Samples No. Mean(g/cm ) SD P-yalue
Middle Zone (A1) 16 3.07 +0.11

Occlusal Zone (A2) 16 3.03 +0.14 0.03*
Cervical Zone (A3) 16 2.95 +0.12

SD = standard deviation
" Significant at P < 0.05
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Table 2
Differences in the level of the mineral concentration in the three measurement
zones (Sample t-test).

Pairwise comparisons Mean(g/cm’3) Mean Difference(g/cm’3) P value

Al:A2 Al=3.07 0.04 0.56
A2=3.03

Al1:A3 Al=3.07 0.12 0.03*
A3=2.95

A2:A3 A2=3.03 0.08 0.23
A3=2.95

Al: Middle Zone; A2: Occlusal Zone; A3: Cervical Zone.
" = Significant (P < 0.05);

during fixed appliance-based treatment. Dental plaque tends to accu-
mulate in the cervical area underneath orthodontic brackets. The highly
acidic nature of dental plaque and decreased pH allow for the coloni-
sation of aciduric bacteria and may culminate in demineralisation of the
enamel tissue [24]. Accordingly, enamel releases calcium and phosphate
toward saliva to buffer the environment leading to the development of
WSLs [25]. Using XMT, Cochrane et al. found that enamel with WSLs in
molars has a lower mineral concentration than that of sound enamel,
ranging approximately from 1.73 to 2.48 g/cm® and 2.57 to 2.67 48
g/crn3 respectively [26]. The finding of lower baseline values in the
cervical region is therefore of clinical relevance.

Gorelick et al. found that the cervical area of the buccal surface of the
crown with a bonded or bonded fixed attachment was more susceptible
to WSLs [27]. Similarly, in a further study the enamel gingival to the
attachments in both the maxillary and mandibular dental arches was
most affected by WSLs with male gender, poor oral health, high sugar
diet and lengthy orthodontic treatment increasing the risk of deleterious
change [28]. The present study helps to explain this pattern the cervical
region most susceptible, while the central zone is less prone to demin-
eralisation. MC is directionally proportional to the structural integrity
and the mechanical properties of the enamel tissue [29]. Based on the
observed MC, preventative protocols for WSLs could be refined in order
to better address the risk of cervically-located plaque accumulation.

A strength of the current study was the use of a highly-sensitive and
reliable method for quantification of the MC level of permanent enamel
without the need to surface stain specimens [12-14,30]. Several studies
have discussed enamel mineral concentration [31-33] using different
characterisation techniques in the context of
demineralisation-remineralisation processes [34,35], disease [36] and
age [37]. Micro-computed tomography was utilised to measure the
elemental content as well as the mineral density in different layers of
tooth enamel depending on the individual age [31,38]. To our knowl-
edge, this is the first study to evaluate the mineral concentration in the
permanent dentition neighbouring a hypothetical orthodontic bracket
using XMT measurement.

The outcomes of the current ex-vivo study demonstrated that a sig-
nificant difference in the MC of enamel tissue was found between the
middle and cervical parts with the lowest level of MC in the cervical
region when compared with the middle and occlusal regions. Similarly,
Barnhart et al. [39] found that the density of the cervical region was
significantly lower than the middle and incisal regions. Wilson et al.
[40] suggested that the occlusal enamel region is more mineralised than
the cervical area as it forms early with more time for maturation and
crown formation than the cervical area of enamel tissue. In addition, the
cervical region is thinner than the occlusal and the middle region, which
inherently makes the enamel less dense in cervically compared to other
enamel regions [41]. Scanning electron microscopy has suggested that
the cervical region tends to be formed from the “prismless” enamel of
permanent human teeth [42,43]. Akkus et al. [10], utilising Raman
spectroscopy, reported no significant difference in the MC level between
the incisal and middle region; however, MC content in the cervical re-
gion was lower than in other regions mirroring the current study. The
difference in MC gradient may be related to the difference between the
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Fig. 4. The mean of mineral concentration (g/cm’g) by tooth area (Error bars indicate the range of mineral concentration measured). * Significant (P<0.05).

methods of imaging used.

The current study suggested that the low level of MC in the cervical
area neighbouring the orthodontic bracket in permanent teeth could be
linked to the higher susceptibility of developing WSLs in this region [6]
potentially due to increased porosity. Dijk et al., [44] suggested that MC
is an important factor in determining the rate of demineralisation. In
addition, the level of MC can be associated with the susceptibility to
caries development, having an inverse relationship between the MC
level and the prevalence of caries [45]. Several studies [6,45] assumed
that the MC can be considered a critical factor in determining both
remineralisation and demineralisation. Therefore, the presence of WSLs
in the cervical area adjacent to the orthodontic bracket may not only be
related to higher plaque retention but also the low level of MC along the
cervical region. It is worth noting, that this statistical uncertainty (error
bars) obtained through data analysis and seen in Fig. 4 most likely re-
flects noise in the image acquisition, as opposed to biological variation.
However, the XMT system used for this study, has been specifically
designed to eliminate artefacts produced from noise typically seen in
X-ray systems [19]. Therefore, any noise affecting the statistical uncer-
tainty is likely to be minimal.

The height of the clinical crown of premolars and molars is shorter
than maxillary canines and central incisors. Thus, orthodontic brackets
on premolars and buccal tubes may be bonded near the cervical part of
the crown enamel, which has the least amount of mineral concentration
and therefore increases the susceptibility to bonding failure. Several
studies have confirmed significant failure of bonding in the posterior
teeth [46-49]. Moreover, previous studies demonstrated the substand-
ard etch patterns in the cervical enamel compared with middle and
incisal regions [42,43] which could be related to the low amount of MC
in the cervical region. The findings may suggest the necessity for a
modified etching protocol for the cervical region of the enamel crown.
This would create a good environment for successful bracket bonding. In
addition, we suggest the demand for fluoride application particularly in
the cervical region to reduce the susceptibility of development of WSLs
around orthodontic brackets during orthodontic treatment. The current
study highlighted the importance of the XMT technique in the estima-
tion of MC level and its substantial potential for future scientific research

in assessing the relationship between WSLs development, mineral con-
centration, and orthodontic treatment. The limitations of the study
include: that the sample was randomly selected from a specific cohort;
thus, the result cannot be generalised. In addition, the possible presence
of potential confounders such as previous exposure to fluoride could
change the actual mineral concentration of the enamel. After controlling
various risk factors for WSL formation, further in vitro research to assess
which area of the labial/buccal surface of the crown are more prone to
WSL development after immersion of the whole crown in demineralised
solution.

5. Conclusion

The XMT method offers a viable non-destructive measurement,
permitting detailed analysis of the mineralisation of enamel. Within the
limitations of the current study, our findings provide a baseline quan-
titative measurement of the mineral concentration of permanent
enamel, which might help to understand the relationship between white
spot lesions and fixed appliance-based orthodontics. Quantifiable dif-
ferences in mineral concentration were detected between different re-
gions of permanent dental enamel. In particular, the cervical enamel was
found to be of significantly lower mineral concentration than the middle
zone of the buccal surface of premolars. The cervical portion may
therefore be more vulnerable to demineralisation. This might contribute
to the development of WSLs in the cervical area of the teeth bonded with
fixed orthodontic brackets while also influencing the bond strength with
fixed orthodontic attachments.
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