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ABSTRACT
Objective: This study aimed to explore variations in enamel thickness to provide guidelines for optimal interproximal enamel 
reduction in an untreated population using cone-beam computed tomography (CBCT).

Methods: CBCT scans of 100 orthodontic patients (51 Caucasian, 49 patients of Somalian descent; aged (12-18) were analyzed 
retrospectively. Enamel thickness was measured at the mesial and distal contact points of teeth from the second molar to the central 
incisor in both the maxillary and mandibular arches. Linear mixed models were employed to assess the effects of ethnicity, gender, 
anterior-posterior region, and mesial-distal proximal surfaces on enamel thickness. Fixed effects were estimated using the Kenward-
Roger method, and a random intercept with an unstructured covariance matrix was included to account for within-subject variability. 
Ethnicity-specific residual variances were also modeled. Statistical significance was set at p<0.05.

Results: Enamel thickness varied significantly between Caucasians and Somalians in both the maxilla and mandible (p<0.001), 
with greater thickness observed in Caucasians. Gender-related differences were minimal; however, in the maxilla, distal surfaces of 
posterior teeth had greater enamel thickness in females compared to males (p=0.0478). Enamel thickness was consistently greater 
on distal surfaces of posterior teeth (p<0.001), while no significant differences were observed between mesial and distal surfaces in 
anterior teeth (p>0.05).

Conclusion: Posterior teeth, particularly distal proximal surfaces of premolars and molars hold a great potential for enamel reduction, 
offering clinicians the most optimal site in orthodontic interventions. 

Keywords: Enamel thickness, interproximal reduction, cone-beam computed tomography, orthodontics, gender differences, ethnic 
variations

Main Points
•  Enamel thickness varies significantly between Caucasian and Somalian populations, regardless of tooth location(anterior/posterior, distal/

mesial).
•  Gender does not appear to influence enamel thickness across different ethnic backgrounds.
• In the posterior regions of both arches, distal surfaces generally have greater enamel thickness than mesial surfaces, making them safer for 

interproximal reduction.
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INTRODUCTION

A critical aspect of orthodontic treatment planning is accurately 
identifying the direction and magnitude of dental movements 
required within each arch quadrant. In many instances, 
achieving the desired dental movements necessitates the 
creation of adequate space to address the malocclusion. One 
of the most widely utilized techniques for gaining additional 
space is interproximal enamel reduction (IPR) which has been 
gaining popularity in clinical practice, particularly through 
the advocates of aligners and non-extraction treatment.1 
This method mimics the natural physiological process of 
interdental attrition, which occurs as part of normal aging.2 
Many practitioners rely on the strategic use of IPR to manage 
mild to moderate tooth-size discrepancies without the need 
for extractions.3 Therefore, accurate assessment of enamel 
thickness across different sections is of critical importance in 
optimizing treatment outcomes.

The expanding body of literature has explored enamel 
thickness at interproximal surfaces and, the extent of how 
much IPR could safely be performed depends mostly on the 
enamel thickness and other patient-related factors.4,5 According 
to Frindel,6 the maximum recommended reduction is 0.3 mm 
for upper incisors, 0.2 mm for lower incisors, and 0.6 mm for 
both upper and lower posterior teeth. Sheridan and Ledoux7 
further suggested that the total space gained through IPR for 
the premolar region could reach up to 6.4 mm. Additionally, it 
has been proposed that up to 50% of interproximal enamel can 
be safely removed with IPR.8

The increasing popularity of IPR is closely related to the 
growing demand for orthodontic treatment among adults.9 
Challenges encountered in space closure for adult patients, the 
risk of reopening extraction spaces after extraction treatments, 
and the ability of IPR to provide just enough space by removing 
only the required enamel10 make it an attractive alternative for 
cases with mild to moderate crowding (4-8 mm).11 However, 
IPR is not used exclusively for space creation. Other common 
applications include resolving black triangles, managing Bolton 
discrepancies, and more.12,13 Nearly every orthodontic patient 
has the potential to benefit from IPR. Therefore, orthodontists 
require evidence-based data on how the amount of IPR varies 
based on gender, mesiodistal surface, anterior-posterior region, 
and racial differences.

Recently, patient-centered treatment principles have led 
to the limitation of extraction-based treatments to severe 
malocclusion cases. In simpler cases, faster and less invasive 
treatment options have become more popular.10 Consequently, 
methods like distalization, expansion, and IPR have become 
more widely adopted, with increasing attention in the literature. 
According to an epidemiological study in the United States, 
severe crowding (≥7 mm), which may necessitate extractions, 
is observed in only 16.8% of the adult population.14 From 
a clinical perspective, the findings in the literature indicate 

that IPR could provide more opportunity for non-extraction 
treatment in individuals with treatment objectives centering 
around no major change for the incisor position. 

Given the clinical relevance of enamel thickness variations in 
IPR applications, our study aimed to quantify enamel thickness 
using cone-beam computed tomography (CBCT) to provide 
the clinicians with further evidence and guidance across 
genders, ethnic origins, groups and proximal surfaces of teeth. 
Although the body of evidence suggested that IPR within 
recognized limits would have no iatrogenic harm to the teeth 
and supporting structures,15 the current study investigated the 
effects of multiple factors in enamel thickness variation. We 
aim to provide further supplementary data to the clinicians 
for optimizing their treatment decisions. The null hypothesis 
was that enamel thickness would not reveal any differences 
between different ethnic groups, sex, location and sites of 
teeth. 

METHODS

The study was reviewed and approved by the Institutional 
Review Board (Tufts University #2018-11181). The CBCT 
records of 100 orthodontic patients (n=51 Caucasian and n=49 
Somalian) were uploaded to InVivo (Anatomage, San Jose, CA) 
for volume rendering and sectioning. Axial and frontal slices of 
the maxillary and mandibular dentition, extending from the 
second molar to the contralateral second molar, were obtained 
for measurement purposes. Enamel thickness was assessed 
at the mesial and distal proximal surfaces of each tooth at 
the contact points within each quadrant. The mean enamel 
thickness was then calculated for each tooth. The inclusion 
criteria for the evaluation consisted of an age range of 12-18, 
fully erupted first and second molars, absence of any wear, 
absence of grinding or clenching. Patients with a history of prior 
orthodontic treatment, interproximal restorations, any kind 
of missing teeth or agenesis, tooth shape and size anomalies 
(macrodontia, peg laterals, twinning, etc.), craniofacial 
anomalies, necessitated exclusion from the study.

CBCT images were opened in InVivo (Anatomage, San Jose, 
CA). Axial (Figure 1a) and frontal (Figure 1b) slices of maxillary 
and mandibular teeth from the second molar to the central 
incisor were generated for the measurements. The thickness 
of the enamel on the proximal surfaces was measured directly 
from the mesial and distal contact points on the shortest line 
possible to the dentin and enamel junction perpendicular to 
the long axis of the tooth. 

For the purposes of the study, central incisors, lateral incisors, 
and canines were grouped as the anterior teeth, while 
premolars, first molars, and second molars were labeled as the 
posterior teeth. A linear mixed model (LMM) was employed 
to evaluate the effects of ethnicity (Groups: Caucasian vs. 
Somalian), gender (male vs. female), tooth position [anterior 
vs. posterior (ant_post)], and surface [mesial vs. distal (DM)] on 
enamel thickness. 
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Statistical Analysis
The enamel thickness was used as the dependent variable to 
achieve a normalized data distribution. The model included 
all main effects and their interactions. Fixed effects were 
estimated using the Kenward-Roger method to adjust degrees 
of freedom. A random intercept was included to account for 
within-subject variability, utilizing an unstructured covariance 
matrix. Additionally, ethnicity-specific residual variances were 
incorporated to account for heterogeneity at the ethnicity level.

In analyzing the results for the mandible, only the DM × 
ant_post interaction was significant (Table 1), while for the 
maxilla, gender × ant_post and DM × ant_post interactions 
were significant (Table 2). Interaction analyses were conducted 
using least squares mean differences to explore the effects 
further. The results of the least squares mean differences were 
used to evaluate specific subgroup interactions and to identify 
differences within the data that might not be apparent in the 
main effects analysis. For each comparison, the Tukey-Kramer 
adjustment was applied to control for multiple testing and 
provide adjusted p-values.

Statistical significance was set at p<0.05. LMMs were performed 
using SAS software (version 9.3; procedure: PROC MIXED; SAS 
Institute, Cary, NC, USA). Graphics were generated using R 
software (version 4.0.5; package: ggplot2, R Foundation for 
Statistical Computing, Vienna, Austria).

RESULTS

In the mandible, a significant difference in mean enamel 
thickness was found between two groups (Caucasians and 
Somalians) (p<0.001; Table 1). This difference was not affected 
by gender, anterior-posterior region, or DM surfaces. Similarly, 
no significant difference in enamel thickness was observed 
between genders (p=0.2898; Table 2, Figure 2), (Table 1).

The only statistically significant interaction was between DM 
surface and anterior-posterior region (p=0.0148). 

In the posterior region, the distal surface exhibited a higher 
mean enamel thickness compared to the mesial surface 
(adjusted p<0.001). Conversely, no significant differences 
between surfaces were observed in the anterior region 

(adjusted p=0.7644). Both distal and mesial surfaces 
demonstrated a higher mean enamel thickness in the posterior 
region compared to the anterior region (Table 3, for both, 
adjusted p<0.001).

In the maxilla, like findings in the mandible, a significant 
difference in mean enamel thickness was observed between 
two ethnic groups (p<0.001; Table 2, Figure 3). This difference 
was not influenced by gender, anterior-posterior region, or 
DM surfaces interactions between DM surface and anterior-
posterior region, as well as between gender and anterior-
posterior region, were statistically significant (p=0.004 and 
p=0.0478, respectively; Table 2).

Consistent with findings in the mandible, the posterior region’s 
distal surface demonstrated a higher mean enamel thickness 
compared to the mesial surface (adjusted p<0.001). In contrast, 
no significant difference was observed between surfaces in the 
anterior region (adjusted p=0.8180).

Table 1. Results of mixed-effects model of mandible: type III fixed 
effects

Test statistics Den DF F value p-value

Groups 1 96.4 18.37 <0.0001

Gender 1 96.4 1.13 0.2898

Groups*Gender 1 96.4 0.25 0.6148

DM 1 1280 15.31 <0.0001

Groups*DM 1 1280 2.45 0.1179

Gender*DM 1 1280 0 0.9910

Groups*Gender*DM 1 1280 0.01 0.9283

ant_post 1 1280 482.28 <0.0001

Groups*ant_post 1 1280 1.77 0.1839

Gender*ant_post 1 1280 0.09 0.7636

Groups*Gender*ant_
post 1 1280 0.09 0.7593

DM*ant_post 1 1280 5.96 0.0148

Groups*DM*ant_post 1 1280 0.14 0.7067

Gender*DM*ant_post 1 1280 0 0.9849

Group*Gender*DM*ant_
post 1 1280 0 0.9469

ant_post: anterior vs. posterior, DM: mesial vs. distal

Figure 1. Axial and frontal view of a maxillary right central incisor. Enamel thickness measurements are made on mesial and distal proximal aspects 
at the contact point
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No significant differences were found between genders in 
either region (anterior: p=0.6683; posterior: p=0.9990). Among 
females, the mean enamel thickness in the posterior region 
was higher on the distal surface, and among males, the mean 
enamel thickness in the anterior region was higher on the 
mesial surface; however, these differences were not statistically 
significant (Table 3 and 4, adjusted p=0.2487 and adjusted 
p=0.1872, respectively).

DISCUSSION

IPR is an effective method orthodontists use to create space by 
reducing the mesiodistal dimension of teeth. This procedure 
involves the removal of enamel material from the proximal 
surfaces of teeth, which can be performed using manual or 
automatic systems.10 Despite various opinions in the literature 
about the maximum amount of IPR, individual differences in 
enamel thickness have been emphasized.5,16-18 Understanding 
the variations in enamel thickness across different genders, 
ethnic backgrounds, tooth surfaces, and regions is critical for 
performing safe and effective IPR in orthodontic treatment. 
Despite the growing use of IPR, especially with the rise of 
clear aligner therapy, there remains limited evidence-based 
guidance tailored to individual patient characteristics. This 

study aimed to provide clinically relevant enamel thickness 
data using CBCT imaging to support more personalized and 
informed IPR protocols. 

The literature contains diverse perspectives on the amount of 
space that can be gained with IPR. Recent studies highlight 
the importance of determining enamel thickness before 
the procedure, as it varies among individuals.18,19 This study 
is distinguished by its specific age range selection, which 
was designed to minimize potential variations in interdental 
attrition across different age groups, thereby enhancing 
the reliability of enamel thickness comparisons. It is well-
documented that interdental attrition occurs with age, 
transforming contact points into contact surfaces.20 Attrition 
related changes could mean that enamel thickness and tooth 
width in the same individual differ at different ages. Therefore, 
our study measured only enamel thickness rather than overall 
tooth dimensions. Although there is a high correlation between 
tooth size and enamel thickness,18,21 focusing on enamel 
thickness alone allowed for the acquisition of precise mesial 
and distal enamel thickness.

Results of this research showed that, similar to the findings of 
Moss and Moss-Salentijn,22 the enamel thickness of mandibular 

Figure 2. Mean enamel tickness and mean enamel tickness in log transformation of mandibular anterior and posterior teeth
Note: The Somalian group does not represent the full diversity of individuals categorized as African American.

Figure 3. Mean enamel tickness and mean enamel tickness in log transformation of maxillary anterior and posterior teeth
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Table 2. Results of mixed-effects model of maxilla: type III fixed 
effects

Test statistics Den DF F value p-value

Groups 96.7 17.29 <0.0001

Gender 96.7 0.44 0.5086

Groups*Gender 96.7 0 0.9836

DM 1255 17.67 <0.0001

Groups*DM 1255 0.07 0.7985

Gender*DM 1255 0.21 0.6458

Groups*Gender*DM 1255 0.01 0.9239

ant_post 1255 1.57 0.2110

Groups*ant_post 1255 0.01 0.9144

Gender*ant_post 1255 3.92 0.0478

Groups*Gender*ant_post 1255 0.3 0.5846

DM*ant_post 1255 8.3 0.0040

Groups*DM*ant_post 1255 0.73 0.3943

Gender*DM*ant_post 1255 0.7 0.4030

Groups*Gender*DM*ant_post 1255 0.04 0.8368

canines in males was greater than that in females in both 
groups. Enamel thicknesses in the maxillary posterior region 
did not change between genders, consistent with the findings 
of Stroud et al.5 Mandibular lateral incisors demonstrated 
greater enamel thickness compared to mandibular central 
incisors like Hall et al.’s18 results. In line with findings reported in 
the literature, which indicate that enamel thickness is greater 
on distal surfaces than on mesial surfaces, this study showed 
similar findings exclusively for maxillary and mandibular 
posterior teeth and upper central incisors.17 However, no 
significant differences were observed between mesial and 
distal surfaces in anterior teeth similar to Sarig et al.10 and 
Konstantinidou et al.23 The variations in these24 findings can 
be attributed to differences in the methodologies employed, 
as Sarig et al.10 study. Enamel thickness was measured at 
the mesial and distal contact points in this study and the 
referenced work. In contrast, Macha et al.25 and Fernandes et 
al.26 focused solely on the maximum enamel thickness, while 
Stroud et al.4,5 assessed enamel thickness using radiographic 

techniques. Consistent with previous studies,4,5,18 no gender-
related differences in enamel thickness were observed in the 
mandibular anterior and posterior teeth. In the maxilla, no 
differences in enamel thickness were found between genders 
in anterior teeth. In contrast, in posterior teeth, the mean 
enamel thickness on distal surfaces was greater in females than 
in males.

The locations where enamel thickness was measured vary 
significantly across studies. Some measured the enamel 
thickness at mesial and distal contact areas, while others 
measured the greatest enamel thickness.12 In this study, 
measurements were taken directly at the contact points on 
CBCT scans, as IPR is typically performed clinically starting from 
the contact points. This choice ensures the amount of enamel 
removed is calculated precisely at these locations, rather 
than at the areas of thickest enamel. A meta-analysis in 2021 
recommended using 3D evaluation methods, for assessing 
enamel thickness to guide clinicians.12 This study used CBCT 
instead of 2D evaluation methods reducing potential errors 
from magnification and angles. The right and left sides were 
not evaluated separately, as the literature indicates that the 
symmetry of the right and left teeth is nearly perfect, with a 
very high correlation.12

Clinicians use IPR less in the posterior region due to its 
distance from the anterior region, despite evidence indicating 
a progressive increase in enamel thickness from anterior to 
posterior teeth.16 The findings of this study have important 
clinical implications, particularly for orthodontic treatment 
planning involving IPR. The observed variations in enamel 
thickness across ethnicities and genders highlight the necessity 
for individualized treatment protocols. For instance, the 
consistently greater enamel thickness observed in Caucasians 
compared to Somalians and the thicker enamel found in 
posterior teeth, particularly on distal surfaces irrespective 
of ethnicity, indicate that Caucasians and distal surfaces of 
posterior teeth may tolerate more aggressive enamel reduction 
without compromising dental integrity. Clinicians can use 
this evidence to optimize IPR procedures, minimizing risks 
while maximizing space creation in cases of mild to moderate 

Table 3. Mean±standard deviation of enamel thickness

Caucasian Somalian

Distal Mesial Distal Mesial

Maxilla

Male
Anterior 1.30±0.23 1.30±0.24 1.18±0.23 1.17±0.24

Posterior 1.34±0.23 1.25±0.17 1.19±0.22 1.13±0.16

Female
Anterior 1.28±0.27 1.27±0.25 1.15±0.23 1.12±0.21

Posterior 1.33±0.26 1.26±0.19 1.19±0.24 1.14±0.22

Mandible

Male
Anterior 1.18±0.24 1.16±0.21 1.03±0.23 1.03±0.23

Posterior 1.38±0.22 1.30±0.16 1.22±0.22 1.17±0.17

Female
Anterior 1.14±0.22 1.12±0.21 1.01±0.21 1.01±0.20

Posterior 1.33±0.24 1.25±0.18 1.20±0.22 1.16±0.19
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crowding. Comparatively, this study aligns with prior research 
indicating significant regional and surface-specific differences 
in enamel thickness but provides additional granularity by 
incorporating ethnicity and gender as variables. Unlike earlier 
studies that focusing primarily on radiographic assessments or 
gross enamel thickness, this research utilized CBCT to achieve 
precise, localized measurements.

In addition to the main effects, a significant interaction between 
DM surface and anterior-posterior region was observed in 
both arches, indicating that surface-related differences in 

enamel thickness are influenced by the location of the tooth. 
Specifically, in the posterior region, distal surfaces consistently 
demonstrated greater enamel thickness than mesial surfaces, 
while no such difference was observed in the anterior region. 
This highlights the importance of considering both surface and 
region simultaneously in clinical decision-making. Moreover, a 
significant interaction between gender and anterior-posterior 
region was found in the maxilla. Although overall gender-
related differences in enamel thickness were not statistically 
significant, this interaction suggests that the relationship 
between gender and enamel thickness may vary depending 

Table 4. Minimum, maximum, mean and standard deviation of enamel thickness (mm) for each tooth on mesial and distal surfaces, categorized by 
ethnicity, gender, and arch (maxilla and mandible)

Caucasian n=51
(Female n=17, Male n=34)

Somalian n=49
(Female n=23, Male n=26)
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of second molar
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on the tooth region. Post-hoc comparisons did not reveal 
significant pairwise differences; however, the presence of 
the interaction indicates a pattern that may become more 
apparent with larger sample sizes and should be explored in 
future studies.

In this study, all individuals in the Somalian group were classified 
under the broader racial category of African American,27 while 
the Caucasian group included individuals from a range of ethnic 
backgrounds.28 Recognizing this, referring to the comparison 
solely as one between racial groups could lead to scientific 
inaccuracy. Rather, this study involved a comparison between 
a specific ethnic subgroup (Somalian) and a racially defined but 
ethnically heterogeneous group (Caucasian). This distinction 
is important, as it underscores the need for caution in 
generalizing the findings to broader populations. The Somalian 
group does not represent the full diversity of individuals 
categorized as African American, and the Caucasian group 
comprises participants from different ethnic origins. Therefore, 
clinicians and researchers should interpret these results with 
care, particularly when applying enamel thickness data across 
different ethnic subgroups within the same racial classification.

Schwartz24 suggested that enamel thickness is related to 
occlusal function; areas subjected to greater occlusal forces 
tend to have thinner enamel. A limitation of this study is that 
the participant group represents a specific age range, without 
standardized criteria to compare or evaluate occlusal function. 
However, it is important to note that patients with significant 
occlusal or proximal attrition were excluded. Another limitation 
of the study is the potential disadvantages associated with 
the use of CBCT, primarily due to its high ionizing radiation 
dose. Although CBCT is considered the gold standard for 
evaluating structures, it is not appropriate for use at frequent 
intervals.29,30 Furthermore, in studies aiming to assess enamel 
thickness, the prospective acquisition of CBCT scans solely for 
research purposes may raise ethical concerns. Therefore, when 
evaluating enamel thickness in human subjects using CBCT, the 
only ethically acceptable approach is to conduct a retrospective 
analysis of previously acquired CBCT data. Future research 
should expand these findings by exploring additional ethnic 
groups and broader age ranges to enhance generalizability. 
Moreover, longitudinal studies assessing the long-term impact 
of IPR on enamel health and patient outcomes are necessary 
to further validate its safety and efficacy. Such studies would 
provide clinicians robust, evidence-based guidelines for 
personalized orthodontic care.

CONCLUSION

Clinicians should be cautious when performing IPR across 
different ethnicities, such as Caucasian and Somalian 
populations, due to variations in enamel thickness that are 
independent of gender, anterior-posterior region, or DM 
surfaces. Enamel thickness was generally similar between 
genders across different ethnic groups. In the posterior region 

of both arches, clinicians may perform IPR more safely on the 
distal surface than on the mesial surface due to greater enamel 
thickness.
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