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Objective: To measure enamel thickness at the proximal sur-
faces of the mandibular incisors, using micro-computed to-
mography (micro-CT) scans.

Material and Methods: Forty-one single-rooted mandibular in-
cisors were selected and analyzed according to anatomical char-
acteristics, to form three groups: Group 1 - central incisors (n = 18);
Group 2 - right lateral incisors (n = 10); and Group 3 - left later-
al incisors (n = 13). First, enamel thickness at the proximal con-
tact areas of the mandibular incisors was measured. Second, the
mesial and distal surfaces of the lateral incisors were compared.
Finally, the relationship between the tooth width and the mean
enamel thickness was determined. Each tooth was scanned with
a micro-CT scanner, and the image was processed with SCANCO
micro-CT onboard analysis software.

Results: There were no statistically significant differences in
mean enamel thickness between the mesial and distal surfaces
for each lateral incisor, or between contralateral lateral inci-
sors. In all surfaces analyzed, the upper zones had statistically
significantly thinner enamel (0.52 £ 0.10 mm) when compared to
the middle and lower zones (0.60 £ 0.08 mm and 0.59 + 0.08 mm,
respectively). There was no correlation (r =0.07) between enam-
el thickness of the mandibular incisor and the tooth width.

Conclusions: The enamel thickness of the mandibularincisors
is similar on the mesial and distal surfaces, with the thinnest
layer located at the upper zone.

Keywords: Enamel thickness. Mandibular incisors.
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Objetivo: Medir a espessura do esmalte nas superficies proxi-
mais dos incisivos inferiores, usando imagens de microtomo-
grafia computadorizada (micro-CT).

Material e Metodos: Quarenta e um incisivos inferiores com
raiz unica foram selecionados e analisados de acordo com as ca-
racteristicas anatomicas, formando trés grupos: Grupo 1 - in-
cisivos centrais (n = 18); Grupo 2 - incisivos laterais direitos
(n = 10); e Grupo 3 - incisivos laterais esquerdos (n = 13). Pri-
meiro, foi medida a espessura do esmalte nas areas de con-
tato proximal dos incisivos inferiores. Em segundo lugar, as
faces mesial e distal dos incisivos laterais foram comparadas.
Por fim, foi determinada a relacao entre a largura do dente e a
espessura media do esmalte. Cada dente foi escaneado com um
scanner micro-CT, e a imagem foi processada com o software de
analise SCANCO micro-CT.

Resultados: Nao houve diferencas estatisticamente significa-
tivas na espessura média do esmalte entre as superficies mesial
e distal de cada incisivo lateral, ou entre os incisivos laterais
contralaterais. Em todas as superficies analisadas, as zonas
superiores apresentaram esmalte significativamente mais fino
(0,52 £ 0,10 mm) quando comparadas as zonas media e inferior
(0,60 + 0,08 mm e 0,59 + 0,08 mm, respectivamente). Nao houve
correlacao (r = 0,07) entre a espessura do esmalte do incisivo
inferior e a largura do dente.

Conclusoes: A espessura do esmalte dos incisivos inferiores é
semelhante nas faces mesial e distal, com a camada mais fina
localizada na zona superior.

Palavras-chave: Espessura do esmalte. Incisivos inferiores.



Konstantinidou E, Araujo E, McCray J, Ueno H, Schneider PP, Foley PF

Evaluation of enamel thickness of mandibular incisors

Ballard introduced interproximal enamel reduction (IPR) of the
mandibular incisors in 1944 as an orthodontic method to cor-
rect tooth discrepancy and obtain the necessary space for the
dental alignment." At present, the popular instruments for IPR
include abrasive metal strips, diamond-coated stripping disks,
and air-rotor stripping devices.?

The mainindications for IPRinclude mild to moderate crowding,
a Bolton discrepancy, enhancement of tooth shape and den-
tal esthetics, improvement of retention and stability following
orthodontic treatment, normalization of gingival outline, and
removal of black gingival triangles.?*It is documented that IPR
is not associated with increased risk of caries or periodontal
disease.*> However, possible contraindications for IPR include
severe crowding, poor oral hygiene, or hypersensitivity to tem-
perature variations.®’

Before IPR procedure, model analysis is required, because
excessive interproximal enamel reduction may cause unfavor-
able consequences. Among them are dentin hypersensitivity
and irreversible enamel furrows that could be a predisposing
factor for plaque accumulation.?® Some stripping guidelines
suggest that up to 50% of the proximal enamel thickness can be
safely removed without compromising dental and periodontal
health.”® Enamel removal from 0.2 mm to 0.3 mm per proximal
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surface for the anterior teeth has been described as being safe
in the literature.”'>

Proximal enamel thickness of mandibular incisors is directly
related to the amount of IPR that can be safely accomplished
withoutiatrogenic complications. The enamel thickness of man-
dibular incisors has been previously measured in a few studies
through non-destructive and destructive methods. Destructive
techniques provide accurate enamel thickness measurement,
but they present disadvantages that include orientation prob-
lems and unavoidable loss of tooth material.’>'*"°0On the other
hand, non-destructive techniques, such as radiographs, ultra-
sound, terahertz imaging, and computed tomography (CT)
scanning have been implemented to measure the enamel
thickness.2’>> However, due to their shortcomings in provid-
ing accurate measurements,?'>>2¢ there is a need to consider
a technique that can provide more accurate measurements of
enamel thickness. Micro CT technology has been introduced
to the dental research field as one such method because of its
high-resolution results,20.26-28

The purpose of this study was to employ micro-CT scans to
measure enamel thickness of the proximal areas of the mandib-
ular incisors. Additionally, this study was designed to compare
the enamel thickness between mesial and distal surfaces of
the lateral incisors, and to determine the relationship between
tooth width and the mean enamel thickness.
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Forty-one extracted single-rooted permanent mandibular inci-
sors were collected from private practices in Brazil. No informa-
tion was available with regard to age, sex, or race of the sample.
The teeth were visually selected by one investigator based on
the absence of extensive interproximal wear, decay, attrition,
abrasion, abfraction, or fracture. The same investigator sorted
the teeth into centrals, laterals, right and left incisors, by their
anatomical characteristics. The teeth were divided into three
groups: Group 1- central incisors (n = 18); Group 2- right lat-
eral incisors (n = 10); and Group 3- left lateral incisors (n = 13).

To be scanned by a micro-CT scanner, the roots of the teeth
were manually sectioned and separated from the crowns
without distorting the enamel margins in the cervical area.
The crowns, which initially were placed in 2% agarose suspen-
sion, were positioned vertically in a 20-mm diameter SCANCO
sample vial, with the long axis parallel to the long axis of the
vial, as visually evaluated.

All scans were taken at the micro-CT facility at a medical school
associated with a local university. ASCANCO p40 scan (uCT 40;
Scanco Medical, Switzerland) was used because it produces
comparable results with other microtomographic systems.?®
Scan settings were: 114 pyA, 70 kVp, and 300 ms integration
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time at 10 pm high resolution with isometric voxels of 10 ym?
in size. All scans were created with 2048 x 2048 pixels per slice,
and the thickness was kept constant at 0.01 mm.

Mesial and distal surfaces

The vertical position of the contact area represents a starting
point and a guide for the initiation of the IPR technique. For the
mandibular incisors, the mesial and distal proximal contact
areas are located on the incisal third of the crown height.'”3°
For this reason, a fixed area was chosen on the incisal third
of the crown to include both the contact area and the wid-
est mesiodistal slice of the tooth. This fixed area was further
divided into three zones: lower zone, middle zone, and upper
zone (Fig 1). The enamel thickness was measured on the mesial
and distal surfaces starting from the most gingival slice of the
lower zone and at each slice up to the most incisal slice at the
dentinoenamel junction of each tooth (Fig 1). The slices that
measured the enamel superior to the incisal level of the den-
tinoenamel junction were excluded from the measurements.
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1/3 crown

Figure 1: Highlighted areas
of measurement on the me-
sial and distal surfaces on the
incisal third of the crown of
mandibular incisors: U= up-
per zone, M= middle zone,
L= lower zone.

The maximum interproximal width was measured using a
sharpened digital caliper (Mitutoyo, Hampshire, UK). Various
studies have demonstrated that the digital caliper is the “gold
standard” for tooth-width measurements due to its accuracy,
reliability, and reproducibility.?
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The sample was scanned with a SCANCO micro-CT. Subsequent
image processing was done with SCANCO micro-CT onboard
analysis software, in order to minimize post-processing
changes of the original data due to data transition. The DICOM
images were uploaded to the software, and a manual segmen-
tation was performed to isolate each tooth. Then the orien-
tation of each tooth was checked and, if needed, re-oriented
for the tooth's y-axis to coincide with the anatomical long axis.
A threshold of 530 grayscale units was visually selected and
applied to differentiate the enamel region. Initially, the num-
ber of the scanned slices that represented the total crown
height was calculated. This number was divided by three, and
thus the number of the slices that represented the incisal third
of the tooth was identified. From this number, the number of
slices that represented the incisal enamel above the level of
the dentinoenamel junction was removed. Manual contouring
was completed every ten slices for the rest of the incisal third,
followed by the application of a morphing algorithm that was
automated to contour the total 100 slices. Running the SCANCO
analysis algorithm produced the mean enamel thickness and
standard deviation measurements of the highlighted enamel
for every 100 slices, each slice at 0.1-mm intervals using the
Hildebrand and Ruegsegger?’ method. Finally, three enamel
thickness measurements were found per proximal surface for
the three subdivided different zones: upper, middle and lower.
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thickness between the central and lateral incisors was com-
pared by a Welch two-sided two sample t-test. Paired t-tests
were done on the thicknesses at the lower, middle, and upper
zones, with Holm multiple comparison p-value adjustments,
Spearman’s rank correlation coefficient was used to investigate
for possible correlation between the enamel thickness and the
tooth width. Statistical significance level of all tests was estab-
lished at p<0.05.

ICC, ranging from 0.974 to 0.977, was consistently high and
showed excellent reproducibility.

Table 1 describes the mean enamel thickness on the mesial
and distal surfaces of the mandibular lateral right and left inci-
sors, the mean width and the overall thickness for all the teeth.
The mean overall thickness was obtained for both central and
lateral incisors by summing the thickness of enamel located on
the mesial and distal surfaces of these teeth.

Table 2 describes the mean enamel thickness measured for
each tooth in relation to the assessment zone on the incisal
third of the crown (upper, middle, and lower). Figure 4 graph-
ically exhibits data that contributed to establishing the mean
thicknesses shown in Table 2.



13 Konstantinidou E, Araujo E, McCray J, Ueno H, Schneider PP, Foley PF
Evaluation of enamel thickness of mandibular incisors

Table 1: Mean enamel thickness on the mesial and distal surfaces, width, and the overall
thickness with standard deviations (in mm).

Width Mesial surface Distal surface Overall
Mean (SD) Mean (SD) Mean (SD) Mean (SD)

5.236 (0.322) - 0.56 (0.08)

Groups

Central incisor

5.705(0.437) 0.57 (0.1) 0.58 (0.06) -
0.58 (0.09) 0.56 (0.08) 0.57(0.07)

Left lateral incisor
Lateral overall

Right lateral incisor ‘ 5.824 (0.39) 0.59 (0.07) 0.55 (0.1) -

*SD= standard deviation. Overall= thickness of enamel located on the mesial and distal surface of incisors.

Table 2: Mean enamel thickness per assessment zone (upper, middle, and lower of the
incisal third of the crown) and standard deviations (in mm).

Mean enamel thickness

Lower Middle

Central incisor 0.569 (0.075) 0.592 (0.08) 0.522 (0.114)

Lateral incisor 0.599 (0.082) 0.603 (0.088) 0.509 (0.089)
Right lateral incisor 0.606 (0.075) 0.596 (0.084) 0.5(0.108)

Left lateral incisor 0.594 (0.09) 0.608 (0.095) 0.516 (0.075)
Overall 0.586 (0.08) 0.598 (0.084) 0.515(0.1)

Groups

o
[e)}
I

Thickness

Figure 4: Mean enamel thick-
ness measured for each
tooth in correlation with the
assessment zone on the in-
cisal third of the crown (up-

o
AN
'

Middle :
Location per, middle, and lower).
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Table 3 shows that there were no statistically significant dif-
ferences in the enamel thicknesses between mesial and distal
surfaces of lateral incisors (p=0.5541) and between the con-
tralateral mesial surfaces (p=0.5732) and the distal surfaces
(p=0.4197) of the lateral incisors. Consequently, no significant
differencewasnoticedfortheoverallenamelthickness between
the right and left lateral incisors (p= 0.8583). In addition, no sig-
nificant differences were found in the overall enamel thickness
between the lateral and central incisors (p=0.6931).

The mean thickness of the width of the tooth was modeled,
and a line of best fit was found to be Thickness=0.313 + 0.4578
Width with R?= 0.06855. The slope of Width was found to be
different from 0 (p= 0.0624). This means that enamel thickness
of the mandibular incisor was not significantly correlated with
the tooth width. Figure 5 represents mean enamel thickness
for all the teeth, correlated with the tooth width.

Table 3: Paired t-tests (one-tailed) for mean enamel thickness of various zones: p-value,
value differences, and range of values (in mm).

Overall Mesial-Overall Distal for Lateral incisor 0.5541 0.0131 -0.032 0.058
Mesial Left-Right for Lateral incisor 0.5732 -0.0204 -0.0943 0.0536
Distal Left -Right for Lateral incisor 0.4197 0.0310 -0.0489 0.1109

Overall Lateral Left-Right 0.8583 0.0053 -0.0563 0.0670

Overall Lateral-Central 0.6931 -0.0091 -0.0558 0.0375
Upper zone-Middle zone 0.0000* -0.0835 -0.1092 -0.0577
Upper zone-Lower zone 0.0000* -0.0711 -0.1039 -0.0382
Middle zone-Lower zone 0.2128 0.0124 -0.0072 0.0320

*Significant differences by t-test at p<0.05.
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Figure 5: Mean enamel thick-
e " ness for each tooth, in cor-
“Width (mm) ' relation with tooth width.

When the incisal third of the crown was evaluated, the mean
enamel thickness at the upper zone was found to be signifi-
cantly thinner than the mean enamel thickness at the middle
and lower zones (Table 3). The lower thickness was not found
to differ from the middle thickness (p = 0.21), but the upper
thickness was found to be different from the lower thickness
(p=9.5x10°)and the middle thickness (p= 2.3x10%). Confidence
intervals for the difference in mean thickness were found to
be 0.038-0.104 for the lower zone compared to upper zone
enamel thickness, and 0.0577-0.109 for the middle zone com-
pared to upper zone enamel thickness.

Dental Press ] Orthod. 2023;28(2):€2321149
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The evaluation of enamel thickness of mandibular incisors has
been described in the scientific literature.’'®"® However, the tech-
niques that have been used for the quantification of the amount of
enamel had shortcomings.?'>>%¢ Therefore, the current study was
designed to investigate enamel thickness with the use of micro-CT
scans to measure dental enamel thickness due to its high accuracy
and reliability of the measurements in dental research.?0:26:27.3

Measurements in this study were performed at the incisal third of
the tooth crown, where anatomically the contact point for the man-
dibular incisors is located. The mean enamel thickness for each
tooth at each slice with 0.1-mm intervals, the mean enamel thick-
ness for all teeth at each slice with 0.1-mm intervals, and the overall
mean enamel thickness for proximal surfaces were reported.

The enamel formation of the permanentteeth up to the first molar
is completed between the ages of 3.0 to 3.3 years, consequently
the lack of information about the age of the sample did not affect
the enamel thickness measurements.* Moreover, combining the
genders in the study sample agreed with past studies about the
lack of sexual dimorphism in proximal enamel thickness.93334

No significant difference was found for the mean enamel thick-
nesses on the mesial and distal surfaces of mandibular incisors.
Similarly, Sarig et al.”” reported that the mesial and distal enamel
thickness of mandibular incisors were similar. On the other hand,
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Vellini-Ferreiraetal.’found distal enamel significantly thickerthan
mesial. However, the former study was performed by sectioning
the teeth, and therefore, the different results may be attributed
to limitations in specimen orientation and loss of tooth material.
Furthermore, in the current study no significant difference was
found in the overall enamel thicknesses between the right and the
left lateral incisors. This outcome is consistent with that found in
larger samples of mandibular incisors, such as the Vellini-Ferreira
et al.’ study that found no difference for the enamel thickness
between right and left mandibular incisors.

In this study, no significant difference was found between the
mean enamel thicknesses of the central and lateral incisors.
This may suggest that it would be clinically safe to apply the same
IPR technique and remove equal amounts of enamel from all
mandibular incisors. Additionally, no significant correlation was
found between tooth width and mean enamel thicknesses of the
proximal surfaces. These results indicate that wider incisors do
not necessarily have more enamel than narrower incisors, and
the size difference can be attributed to larger amount of dentin.
Subsequently, tooth size cannot be clinically used to evaluate the
amount of enamel reduction. Some authors came to the same
conclusion as in this study, and found that the enamel thick-
ness of the teeth was not related to the tooth size.'®2¢ Hall et al.™
reported a significant correlation between enamel thickness and
tooth width. However, conventional radiographs were used, so
the results should be viewed with caution.?'
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The lower zone mean enamel thickness was found not to differ
significantly from the middle zone mean thickness, whereas, the
upper zone mean thickness was found to be significantly different
in mean thickness from the lower and middle zones. The upper
zone enamel layer was found to be the thinnest for all the teeth,
followed by the middle zone enamel thickness and finally the
lower zone enamel thickness. This result suggests that the ortho-
dontist should pay attention when approaching the incisal edge
during the IPR.

There are several reported guidelines for the optimal enamel
reduction. Some studies have suggested that a maximum 50%
of the enamel thickness can be safely removed without iatro-
genic effects.’” Other authors recommended that the amount
of enamel to be removed during interproximal stripping should
vary from 0.2 to 0.3 mm per proximal surface."">The results of
this study suggest that the upper zone mean enamel thickness
(0.52 £ 0.10 mm), the thinnest enamel layer, should be used as
a guide for determining the maximum amount of enamel that
can be safely removed. Thus, it is possible to suggest 0.25 mm
as a critical limit of enamel reduction per proximal contact point
for the mandibularincisors. The removal of 0.25 mm is effective
and safe, and it corresponds to less than 50% of the enamel
thickness. However, the orthodontist should not disregard the
deviations in proximal enamel thickness between teeth with
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different morphologies, especially triangular-shaped incisors,
and one should customize the enamel reduction per proximal
contact point.

Knowledge of the interdental enamel thickness is critical to
deciding the amount of enamel that can be safely removed by
professionals during enamel stripping on the proximal surfaces.
This study has provided accurate measurements and compari-
sons of enamel thickness to guide the clinician with confidence
when proceeding with IPR.

One limitation of this study is that the sample consisted of teeth
from unidentified patients, therefore variables such as gender
and ethnicity could not be considered. Despite this limitation,
these findings will raise awareness of the amount of IPR that can
safely be performed without causing harm.

1. There were no significant differences between mean
enamel thickness on the mesial and distal surfaces of man-
dibular incisors.

2. The thinnest enamel of a lower incisor tends to be in the
upper portion of the incisal one-third of the tooth.

3. Thereis no significant correlation between tooth width and
mean enamel thickness.
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