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ABSTRACT
Background/Objective: Ceramic brackets are widely used in aesthetic orthodontics; however, their optical 
stability under intraoral conditions remains incompletely understood. While previous studies have predom-
inantly assessed color change in vitro, prospective clinical data simultaneously evaluating both chromatic 
parameters and light transmittance are scarce. This study aimed to evaluate the in vivo color stability and 
light transmittance of monocrystalline and polycrystalline ceramic brackets after 3 months of intraoral expo-
sure, and to determine whether crystalline structure influences the magnitude of optical degradation.
Materials and Methods: Fifty patients (13–22 years) were included in this prospective split-mouth longi-
tudinal clinical study. Eight ceramic bracket types were evaluated: four monocrystalline (3M™ Gemini Clear, 
Inspire Ice™, Hubit™ Perfect Clear II, AO™ Radiance Plus™) and four polycrystalline (3M™ Clarity™ Advanced, 
AO™ 20/40, Dentsply Sirona Resolve™, GC™ Chic). Brackets were ligated onto archwires without bonding 
to enamel to prevent composite-induced discoloration. Color measurements (CIE L*a*b*) were obtained 
using a VITA Easyshade Compact spectrophotometer, and light transmittance was measured with an 
LEDex CM4000 radiometer at baseline (T0) and after 3 months (T1). Nonparametric tests (Mann–Whitney 
U, Kruskal–Wallis, and Wilcoxon signed-rank) were used for statistical analysis (p < 0.05).
Results: All brackets exhibited statistically significant color and transmittance changes after intraoral 
exposure (p < 0.001). All brands demonstrated ‘extremely marked’ color changes according to National 
Bureau of Standards (NBS) criteria (NBS > 6). 3M™ Clarity™ Advanced showed the highest ΔE (median: 11.22 
[interquartile range, IQR: 8.48–13.31]), whereas AO™ Radiance Plus™ exhibited the greatest transmittance 
reduction (ΔTr: median −10.00 [IQR: −15.00 to −5.00]). A weak negative correlation was observed between 
ΔE and ΔTr. Crystalline structure significantly influenced baseline optical parameters (Tr0, L0, a0) but did 
not determine the overall magnitude of color change (ΔE) or transmittance loss (ΔTr).
Conclusions: Intraoral exposure significantly impairs the optical properties of aesthetic ceramic brack-
ets. Crystalline structure influences baseline optical properties and the direction of chromatic shift (Δa, 
medium effect; Δb, small effect) but not the overall magnitude of color change (ΔE) or transmittance loss 
(ΔTr). Brand-specific manufacturing characteristics appear to be the primary determinants of long-term 
aesthetic performance.
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Introduction

Increasing aesthetic expectations among adult orthodontic 
patients have led to the development of appliances that offer 
both clinical efficiency and improved aesthetics. Stainless-steel 
brackets remain the gold standard for their mechanical strength 
and fracture resistance. However, their metallic appearance can 

reduce patient acceptance [1, 2]. This limitation led to early pol-
ymer-based aesthetic brackets, such as polycarbonate systems. 
Despite their improved appearance, these showed clinical limi-
tations, including slot deformation, creep, and poor color stabil-
ity in the oral environment [3].

To overcome the shortcomings of early aesthetic brackets, 
ceramic brackets were introduced in the late 1980s. 
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KEY MESSAGES

1. � All evaluated ceramic bracket brands demonstrated clinically significant and ‘extremely marked’ color changes 
(National Bureau of Standards [NBS] > 6) and reduced light transmittance after 3 months of intraoral exposure, 
regardless of crystalline structure.

2. � Crystalline structure (monocrystalline vs. polycrystalline) influenced baseline optical properties and the direction of 
chromatic shift but did not significantly determine the overall magnitude of color change or transmittance loss.

3. � Brand-specific manufacturing processes and surface characteristics appear to be the primary determinants of optical 
stability, highlighting the importance of brand selection in clinical practice.
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Contemporary ceramic brackets are predominantly fabricated 
from high-purity alumina (Al₂O₃) and are mainly available in 
monocrystalline and polycrystalline forms. Monocrystalline 
brackets are produced by controlled solidification of molten 
alumina, forming a single-crystal structure without grain 
boundaries, resulting in superior optical homogeneity and 
translucency [4]. In contrast, polycrystalline brackets are 
manufactured by sintering multiple alumina grains, generating 
crystal interfaces that increase light scattering and may influence 
optical transmission. Although reinforced and hybrid ceramic 
designs have since been developed [5], monocrystalline and 
polycrystalline alumina brackets remain the standard reference 
materials for evaluating intrinsic optical properties.

Aesthetic stability is critical for ceramic brackets because they 
are susceptible to clinical discoloration [6]. Both extrinsic staining 
from dietary chromogens and surface wear, as well as intrinsic 
alterations from ultraviolet exposure, thermal fluctuations, and 
biofilm accumulation, affect optical quality [7–10].

To evaluate color alterations, the CIE L*a*b* system is used. It 
represents color in three dimensions: lightness (L*, 0–100), the 
green-red axis (a*), and the blue-yellow axis (b*). Overall color 
difference (ΔE*) indicates the magnitude of chromatic change 
between measurements. A color difference of 1.0 is perceptible 
under controlled conditions, while values above 3.7 represent 
the threshold for clinical detectability in dentistry [4, 11].

Optical transmittance – the proportion of incident light 
passing through a material – is determined by microstructure and 
surface characteristics [12]. Monocrystalline brackets, which lack 
grain boundaries, typically exhibit higher transmittance, but 
variations in geometry and manufacturing processes can lead to 
brand-specific differences [13, 14]. Light transmittance is relevant 
for both aesthetics and light-cured adhesive polymerization, yet 
little research has addressed its in vivo stability [14]. Previous 
studies [15–17] highlight the need for in vivo research to clarify 
how chromatic changes interact with the oral environment.

Despite growing interest in aesthetic bracket performance 
[1, 7, 15–17], a critical gap remains in the literature: prospective 
clinical data simultaneously evaluating both chromatic 
parameters and optical transmittance under intraoral conditions 
are scarce [18]. Most available evidence derives from in vitro 
studies using artificial aging protocols, which may not 
adequately replicate the complexity of the oral environment, 
including salivary enzymatic activity, pH fluctuations, thermal 
cycling, and biofilm formation. Furthermore, whether crystalline 
structure (monocrystalline vs. polycrystalline) determines the 
magnitude of optical degradation – rather than merely 
influencing baseline optical properties – has not been directly 
addressed in a prospective clinical setting. The present study 
was specifically designed to fill this gap by simultaneously 
assessing color stability and light transmittance under 
standardized in vivo conditions across eight commercially 
available ceramic bracket brands.

Therefore, the present study aimed to evaluate the extent to 
which ceramic brackets maintain color stability and light 
transmittance after short-term intraoral exposure and to 
compare these optical parameters between monocrystalline 

and polycrystalline systems. The null hypothesis posited that 
short-term intraoral exposure would not produce significant 
changes in color stability or light transmittance, and that there 
would be no difference between monocrystalline and 
polycrystalline brackets.

Materials and methods

Study design and ethical approval

This prospective clinical study was approved by the Bezmialem 
Vakıf University Interventional Ethics Committee (Approval No: 
71306642-050.01.04) and conducted in accordance with the 
Declaration of Helsinki. Informed consent was obtained from all 
participants (or their legal guardians for minors) prior to 
enrollment.

The study followed a longitudinal split-mouth sequential 
crossover design including both in vivo and in vitro components. 
In this design, each participant served as their own control by 
receiving both monocrystalline and polycrystalline bracket sets in 
two consecutive 3-month phases. The allocation sequence for the 
first phase (monocrystalline vs. polycrystalline) was determined 
by simple randomization using a computer-generated random 
number list, with allocation concealed in sealed opaque envelopes 
opened at the time of bracket placement. To minimize potential 
carry-over effects, a 2-week washout period was implemented 
between phases, during which no brackets were worn. 
Additionally, the split-mouth design ensured that both bracket 
types were evaluated within the same oral environment, 
controlling for inter-individual variability in dietary habits, salivary 
composition, and oral hygiene.

Sample size determination

An a priori power analysis, based on previous investigations [18, 
19] and calculated using the ΔE parameter (α = 0.05, power = 
0.80), indicated a minimum requirement of 45 brackets per 
brand. To account for potential dropouts, 50 patients were 
enrolled. Each participant sequentially received both monocrys-
talline and polycrystalline bracket sets over two consecutive 
3-month phases, yielding 50 clinical samples per brand (400 
clinical brackets in total). Additionally, five control brackets per 
brand (40 brackets in total) were stored in artificial saliva as an in 
vitro reference [16].

Eligibility criteria

Inclusion criteria comprised non-smoking individuals aged 
13–22 years with permanent dentition, good general health, 
and excellent oral hygiene (Plaque Index ≤ 1). Patients were 
enrolled after completion of the leveling and alignment phase 
to standardize brushing conditions and minimize plaque-reten-
tive variability. Exclusion criteria included systemic diseases 
affecting salivary composition, use of medications that influ-
ence salivary flow, active periodontal disease, and high con-
sumption of chromogenic agents.
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Dietary standardization

To minimize intra-group variability related to dietary habits, all 
participants received standardized oral hygiene instructions at 
enrollment and at each follow-up visit. Patients were advised to 
limit consumption of strongly chromogenic beverages (e.g. cof-
fee, tea, red wine, cola) to no more than one serving per day and 
to rinse with water immediately after consumption. Compliance 
was monitored through structured dietary recall questionnaires 
administered at each visit. Although dietary intake was not 
objectively controlled beyond these measures, this standardiza-
tion protocol was applied consistently across all participants to 
reduce potential confounding bias.

Bracket selection and allocation

Eight ceramic bracket systems were evaluated: four monocrys-
talline (3M™ Gemini Clear, Inspire Ice™, Hubit™ Perfect Clear II, 

AO™ Radiance Plus™) and four polycrystalline (3M™ Clarity™ 
Advanced, AO™ 20/40, Dentsply Sirona Resolve™, GC™ Chic) 
(Table 1). Within each 3-month phase, brackets were distributed 
using a balanced split-mouth design in the two maxillary quad-
rants, with one brand assigned to the anterior region and 
another to the posterior region on each side (Figure 1). At the 
midpoint of each phase (after 1.5 months), brackets were repo-
sitioned between anterior/posterior and contralateral regions to 
ensure equal regional exposure.

Statistical analysis

Data normality was assessed using the Shapiro-Wilk test. As data 
were not normally distributed, nonparametric tests were 
applied: Mann–Whitney U test for between-group comparisons, 
Kruskal–Wallis test with post-hoc Dunn’s test for multiple group 
comparisons, and Wilcoxon signed-rank test for within-group 
comparisons. Effect sizes were calculated as rank-biserial 

Table 1.  Distribution of bracket groups according to material, composition, brand, manufacturer, color change (ΔE), NBS values, and clinical significance.
Crystal  
structure

Composition Commercial name Code Manufacturer ΔE (Mean ± SD) NBS value  (Mean 
± SD)

Clinical significance

Ceramic Monocrystalline Gemini Clear Ceramic 
Brackets

Gemini 3M Unitek™, Monrovia, 
CA, USA

7.39 ± 2.38 6.80 ± 2.19 Extremely marked 
color change

Ceramic Monocrystalline Inspire ICE™ Ice Ormco™, Orange, CA, 
USA

10.01 ± 3.65 9.20 ± 3.36 Extremely marked 
color change

Ceramic Monocrystalline Perfect Clear II Hubit Hubit™ Co. Ltd., Seoul, 
South Korea

9.74 ± 2.91 8.96 ± 2.68 Extremely marked 
color change

Ceramic Monocrystalline Radiance Plus™ Radiance American Orthodontics™, 
Sheboygan, WI, USA

9.60 ± 3.94 8.84 ± 3.62 Extremely marked 
color change

Ceramic Polycrystalline Clarity™ Advanced Clarity 3M™, Monrovia, CA, USA 11.17 ± 3.26 10.27 ± 2.99 Extremely marked 
color change

Ceramic Polycrystalline 20/40™ Ceramic 
Brackets

20/40 American Orthodontics™, 
Sheboygan, WI, USA

6.98 ± 3.14 6.43 ± 2.89 Extremely marked 
color change

Ceramic Polycrystalline RESOLVE® C Resolve Dentsply Sirona™, New 
York, USA

8.82 ± 3.44 8.12 ± 3.17 Extremely marked 
color change

Ceramic Polycrystalline Chic Ceramic Bracket Chic GC Orthodontics, Alsip, 
IL, USA

10.07 ± 3.58 9.26 ± 3.30 Extremely marked 
color change

NBS: National Bureau of Standards; SD: standard deviation.
NBS = ΔE × 0.92. NBS criteria: 0.0–0.5 = trace; 0.5–1.5 = slight; 1.5–3.0 = noticeable; 3.0–6.0 = appreciable; 6.0–12.0 = extremely marked.

Figure 1.  The brackets ligated on the arch 
wire between upper molars and between 
upper canines and first premolars.
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correlation coefficients (r) for Mann–Whitney U tests (r < 0.10 
negligible; 0.10–0.29 small; 0.30–0.49 medium; ≥ 0.50 large). For 
multiple post-hoc comparisons, Bonferroni correction was 
applied. The primary reporting format for non-normally distrib-
uted data was Median (interquartile range, IQR: Q1–Q3), with 
Mean ± SD provided as supplementary information. Statistical 
significance was set at p < 0.05. The lower and upper limits of the 
standard method error are presented in Table 2. Color differ-
ences were clinically interpreted using the NBS scale, in which 
values > 6 are classified as ‘extremely marked’ [20].

Results

Overview

All eight bracket brands exhibited measurable changes in color 
parameters (ΔL, Δa, Δb, ΔE) and light transmittance (ΔTr) follow-
ing 3 months of intraoral exposure, with all brands reaching the 

‘extremely marked’ discoloration category according to NBS 
classification criteria (NBS > 6) (Table 1). 

Per-brand analysis revealed brand-dependent variation in the 
magnitude of optical changes (Table 3). Among monocrystalline 
brackets, 3M™ Gemini Clear demonstrated the lowest color 
change, while Hubit™ Perfect Clear II showed the highest; Inspire 
Ice™ and AO™ Radiance Plus™ showed intermediate color changes. 
Regarding transmittance loss, AO™ Radiance Plus™ exhibited the 
greatest reduction, followed by Hubit™ Perfect Clear II. Among 
polycrystalline brackets, 3M™ Clarity™ Advanced demonstrated 
the highest color change, while AO™ 20/40 showed the lowest; 
Dentsply Sirona Resolve™ and GC™ Chic showed intermediate 

Table 2.  Lower and upper limits of the standard method error.
Parameter Std. method error Lower limit Upper limit

L 2.393 1.830 3.454
a 0.568 0.434 0.820
b 1.565 1.197 2.259
Tr 3.428 2.621 4.948

Method error calculated using the Dahlberg formula (ME = √(Σd²/2n)) based 
on 50 repeated measurements.

Table 3.  Comparison of ΔL, Δa, Δb, ΔE, and ΔTr values of eight ceramic bracket brands (Kruskal–Wallis test).
Brand ΔL Δa Δb ΔE ΔTr

Gemini Median [IQR] −3.85 [−6.50–−2.20] −0.90 [−1.40–−0.10] 4.60 [3.30–5.90] 6.96 [5.73–8.83] −5.00 [−15.00–−5.00]
Mean ± SD −4.41 ± 3.24 −0.81 ± 1.33 4.21 ± 3.23 7.39 ± 2.38 −9.40 ± 8.31
Min / Max −12.20 / 4.80 −4.50 / 2.30 −4.30 / 11.20 3.76 / 12.98 −35.00 / 0.00

Ice Median [IQR] −5.15 [−9.00–−1.90] −0.50 [−1.20–0.00] 6.55 [5.60–8.30] 9.16 [7.49–11.50] −5.00 [−10.00–0.00]
Mean ± SD −5.14 ± 5.44 −0.46 ± 0.91 7.04 ± 2.72 10.01 ± 3.65 −6.50 ± 6.80
Min / Max −19.00 / 7.20 −1.70 / 2.60 0.60 / 13.30 4.30 / 19.85 −25.00 / 0.00

Hubit Median [IQR] −3.00 [−4.70–0.40] −0.35 [−1.20–1.00] 7.55 [6.70–9.70] 9.41 [7.90–11.70] −10.00 [−15.00–−5.00]
Mean ± SD −2.53 ± 4.86 −0.07 ± 1.36 8.01 ± 2.80 9.74 ± 2.91 −11.10 ± 7.58
Min / Max −16.20 / 8.40 −1.80 / 5.10 −0.20 / 12.80 1.71 / 16.54 −30.00 / 0.00

Radiance Median [IQR] −4.10 [−7.70–−0.70] −0.25 [−0.80–0.50] 6.65 [5.10–8.00] 9.05 [6.77–11.07] −10.00 [−15.00–−5.00]
Mean ± SD −4.73 ± 5.49 −0.10 ± 1.22 6.98 ± 2.32 9.60 ± 3.94 −13.50 ± 17.82
Min / Max −19.70 / 5.70 −2.80 / 3.30 3.20 / 12.80 3.51 / 22.80 −125.00 / 0.00

Clarity Median [IQR] −6.50 [−9.10–−4.60] 0.80 [0.30–2.20] 8.85 [5.80–10.30] 11.22 [8.48–13.28] −5.00 [−10.00–−5.00]
Mean ± SD −6.65 ± 3.94 1.29 ± 1.39 7.94 ± 3.03 11.17 ± 3.26 −7.20 ± 4.97
Min / Max −18.20 / 1.90 −0.60 / 4.60 0.70 / 14.40 5.10 / 21.17 −20.00 / 0.00

20/40 Median [IQR] −2.05 [−5.90–1.30] 0.45 [−0.10–1.90] 3.25 [1.60–5.50] 6.67 [4.91–9.08] −10.00 [−10.00–−5.00]
Mean ± SD −1.91 ± 5.40 0.86 ± 1.50 3.35 ± 3.24 6.98 ± 3.14 −8.90 ± 5.08
Min / Max −12.00 / 11.20 −3.70 / 4.10 −9.60 / 8.30 1.26 / 14.93 −20.00 / 0.00

Resolve Median [IQR] −5.85 [−8.50–−2.90] −0.90 [−1.80–−0.40] 5.60 [3.20–7.60] 9.00 [6.19–11.25] −5.00 [−10.00–0.00]
Mean ± SD −5.37 ± 4.46 −0.93 ± 1.35 5.38 ± 2.82 8.82 ± 3.44 −6.60 ± 6.01
Min / Max −14.20 / 8.20 −3.70 / 2.70 −0.60 / 11.10 1.24 / 16.31 −25.00 / 5.00

Chic Median [IQR] −4.75 [−8.60–2.30] −0.15 [−0.50–0.40] 6.25 [4.90–7.50] 9.69 [7.34–11.91] −10.00 [−15.00–−5.00]
Mean ± SD −4.05 ± 6.86 0.04 ± 0.97 4.92 ± 5.19 10.07 ± 3.58 −11.80 ± 8.85
Min / Max −19.00 / 10.20 −1.70 / 2.80 −10.20 / 11.80 3.87 / 19.60 −40.00 / 0.00

p < 0.001 < 0.001 < 0.001 < 0.001 < 0.001

IQR: interquartile range; SD: standard deviation.
Kruskal–Wallis test. *p < 0.05; **p < 0.001. 
Δ values represent the difference between post-exposure and baseline measurements.

Figure 2.  Before (left) and after (right) clinical use of the eight different 
branded brackets.
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values. GC™ Chic exhibited the greatest transmittance loss among 
polycrystalline brackets, while 3M™ Clarity™ Advanced and 
Dentsply Sirona Resolve™ showed relatively smaller reductions. 
Visual comparison of bracket appearance before and after 
intraoral exposure is shown in Figure 2.

Baseline and post-exposure optical parameters

Baseline and post-exposure values for lightness (L), red-green 
axis (a), blue-yellow axis (b), and light transmittance (Tr) are pre-
sented in Table 4. All eight bracket brands demonstrated statis-
tically significant changes from baseline to post-exposure for L, 
b, and Tr (Wilcoxon signed-rank test, p < 0.05). Changes in the ‘a’ 
parameter were significant for five of the eight brands but not 
for Hubit, Radiance, or Chic. Significant between-brand differ-
ences were also observed at both baseline and post-exposure 
for all four parameters (Kruskal–Wallis test, p < 0.001).

Intragroup comparisons within crystalline structure 
groups

Post-hoc pairwise comparisons within monocrystalline and 
polycrystalline groups revealed significant brand-dependent 
differences in the magnitude of optical changes (Table 5). Within 

the monocrystalline group, 3M™ Gemini Clear demonstrated 
significantly lower ΔE values than the other three monocrystal-
line brands (p < 0.05). Within the polycrystalline group, AO™ 
20/40 demonstrated significantly lower ΔE values than the other 
three polycrystalline brands (p < 0.05).

Intergroup comparison of Δ parameters

Comparison of ΔL, Δa, Δb, ΔE, and ΔTr between monocrystalline 
and polycrystalline bracket groups revealed statistically signifi-
cant differences for Δa and Δb only (Table 6). The median Δa 
value was significantly lower in the monocrystalline group, with 
a medium effect size, while the median Δb value was signifi-
cantly higher in the monocrystalline group, with a small effect 
size. No statistically significant intergroup differences were 
found for ΔL, ΔE, or ΔTr.

Intergroup comparison of baseline and post-exposure 
parameters

Comparison of baseline and post-exposure L, a, b, and Tr values 
between monocrystalline and polycrystalline groups revealed 
significant intergroup differences in L0, a0, b0, and Tr0 (Table 7). 
Monocrystalline brackets showed significantly higher L0, a0, 

Table 4.  Comparison of baseline (L0, a0, b0, Tr0) and post-exposure (L1, a1, b1, Tr1) values of eight ceramic bracket brands (Wilcoxon signed-rank test).
Brand L0 Mean ± 

SD
L1 Mean ± 

SD
p a0 Mean 

± SD
a1 Mean 

± SD
p b0 Mean ± 

SD
b1 Mean ± 

SD
p Tr0 Mean 

± SD
Tr1 Mean ± 

SD
p

Gemini 96.16 ± 
2.94

91.75 ± 
3.10

< 0.001** 2.03 ± 
1.15

1.22 ± 
1.13

< 0.001** 2.69 ± 1.41 6.90 ± 
2.68

< 0.001** 231.90 ± 
12.53

222.50 ± 
13.33

< 0.001**

Ice 98.89 ± 
2.06

93.76 ± 
4.66

< 0.001** 1.16 ± 
0.49

0.70 ± 
0.92

< 0.001** 2.16 ± 2.35 9.20 ± 
2.75

< 0.001** 227.80 ± 
13.10

221.30 ± 
13.92

< 0.001**

Hubit 97.79 ± 
3.32

95.26 ± 
3.33

0.001** 1.17 ± 
1.03

1.10 ± 
1.04

0.362 (ns) 2.18 ± 1.16 10.19 ± 
2.37

< 0.001** 253.20 ± 
11.28

242.00 ± 
10.83

< 0.001**

Radiance 98.52 ± 
2.04

93.79 ± 
5.51

< 0.001** 1.42 ± 
0.49

1.32 ± 
1.07

0.254 (ns) 1.71 ± 0.40 8.69 ± 
2.27

< 0.001** 264.10 ± 
4.81

250.60 ± 
17.52

< 0.001**

Clarity 97.16 ± 
2.26

90.51 ± 
3.13

< 0.001** −0.31 ± 
0.70

0.98 ± 
0.93

< 0.001** 2.13 ± 1.38 10.08 ± 
2.63

< 0.001** 221.60 ± 
7.52

214.40 ± 
9.51

< 0.001**

20/40 92.92 ± 
4.59

91.01 ± 
3.23

0.012* 0.50 ± 
1.08

1.36 ± 
0.84

0.001** 3.91 ± 1.93 7.26 ± 
2.70

< 0.001** 228.40 ± 
7.32

219.50 ± 
9.22

< 0.001**

Resolve 96.57 ± 
3.63

91.20 ± 
3.50

< 0.001** 2.44 ± 
1.30

1.52 ± 
0.84

< 0.001** 2.85 ± 1.47 8.22 ± 
2.49

< 0.001** 224.10 ± 
5.02

217.50 ± 
6.80

< 0.001**

Chic 93.21 ± 
5.34

89.16 ± 
4.74

< 0.001** 1.30 ± 
0.44

1.34 ± 
0.77

0.526 (ns) 2.70 ± 2.94 7.61 ± 
2.96

< 0.001** 212.50 ± 
11.44

200.70 ± 
15.94

< 0.001**

p (between 
brands)

< 0.001** < 0.001** - < 0.001** < 0.001** - < 0.001** < 0.001** - < 0.001** < 0.001** -

ns: non-significant; SD: standard deviation.
Wilcoxon signed-rank test (within-group comparisons). Kruskal–Wallis test (between-group comparisons). 
*p < 0.05; **p < 0.001.

Table 5a.  Intragroup post-hoc comparisons of ΔL, Δa, Δb, ΔE, and ΔTr within polycrystalline and monocrystalline bracket groups.
Polycrystalline Group

Parameter Clarity–20/40 Clarity–Resolve Clarity–Chic 20/40–Resolve 20/40–Chic Chic–Resolve Overall p

ΔL < 0.001** ns ns 0.011* ns ns < 0.001**
Δa ns < 0.001** < 0.001** < 0.001** 0.019* 0.012* < 0.001**
Δb < 0.001** 0.001** 0.006* 0.041* 0.005* ns < 0.001**
ΔE < 0.001** 0.013* ns 0.044* < 0.001** ns < 0.001**
ΔTr ns ns 0.045* ns ns 0.005* < 0.001**
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and Tr0 values, but significantly lower b0 values, than polycrys-
talline brackets. At the post-exposure timepoint, the intergroup 
differences in L1 and Tr1 persisted in the same direction, the dif-
ference in b1 was no longer significant, and the direction of the 
difference in a1 was reversed, with polycrystalline brackets 
showing higher values than monocrystalline brackets.

Correlation between ΔE and ΔTr

A weak but statistically significant negative correlation was 
observed between ΔE and ΔTr in both bracket groups (Table 8). 
Although this correlation reached statistical significance due to 
the large sample size (n = 200 per group), the effect size is small, 
and the clinical relevance of this association is limited. It should 
not be interpreted as evidence of a clinically meaningful rela-
tionship between color change and transmittance loss on an 
individual patient basis.

Comparison of clinical exposure versus control groups

Brackets exposed to the oral cavity exhibited significantly higher 
ΔE values and greater reductions in ΔTr than control groups 
stored in artificial saliva, for all eight bracket brands (Kruskal–
Wallis test, p < 0.05; Table 9), underscoring the limitations of in 
vitro simulations in replicating the complexity of the oral 
environment.

Discussion

Extrinsic factors and color change

This clinical investigation assessed the in vivo color stability 
and light transmittance changes of monocrystalline and 

polycrystalline ceramic brackets following 3 months of intraoral 
exposure. The results revealed significant alterations in color 
parameters (ΔE, Δa, Δb, ΔL) and reductions in light transmittance 
(ΔTr) for all tested brands, indicating that the optical properties of 
aesthetic ceramic brackets are vulnerable to intraoral aging. The 
combined optical deterioration observed in this study is consist-
ent with the concept of intraoral aging described by Eliades and 
Bourauel [21], whereby exposure to the oral environment can 
induce surface and compositional alterations in orthodontic 
materials that are not reproduced in artificial media. Brackets 
exposed to the oral cavity exhibited significantly higher ΔE values 
and greater reductions in ΔTr compared to control groups stored 
in artificial saliva, underscoring the limitations of in vitro simula-
tions in replicating the complexity of the oral environment.

In the present investigation, all tested brackets demonstrated 
‘extremely marked’ color changes according to the NBS 
classification (NBS: 6.43–10.27 units) after 3 months of clinical 
exposure, with a significant increase in yellowness (b*) and 
corresponding darkening. These results align with those of 
Shibani et al., who observed significant color shifts in ceramic 
brackets among adolescent patients, particularly when exposed 
to staining beverages [18]. Similarly, Guignone et al. reported that 
ceramic brackets immersed in commonly consumed beverages 
exhibited progressive color alterations [9]. Beyond dietary factors, 
tobacco smoke, ethnic food pigments, and surface roughness 
have also been shown to contribute to bracket discoloration [8, 
17, 22]. AlBadr and Talic [23] further emphasized that reflected 
color coordinates, opalescence, and translucency are significantly 
influenced by the material’s microstructure.

Table 5b.  Intragroup post-hoc comparisons of ΔL, Δa, Δb, ΔE, and ΔTr within polycrystalline and monocrystalline bracket groups.
Monocrystalline Group

Parameter Gemini–Radiance Gemini–Ice Gemini–Hubit Hubit–Ice Radiance–Ice Hubit–Radiance Overall p

ΔL ns ns ns 0.045* ns ns 0.044*
Δa ns ns 0.018* ns ns ns 0.014*
Δb < 0.001** < 0.001** < 0.001** ns ns ns < 0.001**
ΔE 0.001** < 0.001** 0.008* ns ns ns < 0.001**
ΔTr ns ns ns 0.008* 0.002* ns < 0.001**
ns: non-significant. 
Post-hoc analysis with Bonferroni correction applied for multiple comparisons. 
*p < 0.05; **p < 0.001. 
Δ values represent the difference between post-exposure and baseline measurements.

Table 6.  Intergroup comparison of ΔL, Δa, Δb, ΔE, and ΔTr between monocrystalline and polycrystalline bracket groups (Mann–Whitney U test).
Parameter Monocrystalline  

Mean ± SD
Monocrystalline Median 

[IQR]
Polycrystalline Mean 

± SD
Polycrystalline Median 

[IQR]
p Effect size 

(r)
Interpretation

ΔL −4.20 ± 4.91 −3.85 [−7.70 to −0.70] −4.49 ± 5.53 −4.75 [−8.60 to 1.30] 0.178 0.077 Negligible
Δa −0.36 ± 1.25 −0.50 [−1.20 to 0.00] 0.32 ± 1.56 0.45 [−0.10 to 1.90] < 0.001** 0.301 Medium
Δb 6.56 ± 3.11 6.50 [3.30 to 8.30] 5.40 ± 4.02 6.00 [3.25 to 8.85] 0.011* 0.147 Small
ΔE 9.18 ± 3.42 9.05 [6.77 to 11.50] 9.26 ± 3.68 9.69 [7.34 to 13.28] 0.570 0.033 Negligible
ΔTr −10.12 ± 11.28 −10.00 [−15.00 to −5.00] −8.62 ± 6.69 −10.00 [−10.00 to −5.00] 0.362 0.051 Negligible

IQR: interquartile range; SD: standard deviation.
Mann–Whitney U test. *p < 0.05; **p < 0.001. 
Effect size r (rank-biserial correlation): negligible < 0.10; small 0.10–0.29; medium 0.30–0.49; large ≥ 0.50.
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Material properties and crystalline structure

Regarding the first study hypothesis, the null hypothesis that 
short-term intraoral exposure would not produce significant 
changes in color stability or light transmittance was rejected. All 
eight bracket brands demonstrated statistically significant 
changes in both ΔE and ΔTr after 3 months of intraoral exposure, 
confirming that intraoral aging has a measurable and clinically 
relevant impact on the optical properties of ceramic brackets. 
Eliades et al. [14] and Mohamed et al. [24] demonstrated that 
structure and composition affect direct light transmission, with 
polycrystalline brackets showing higher light absorption and 
less translucency. The simultaneous evaluation of light transmit-
tance in this study is consistent with the approach of Lopes Filho 
et al. [25], who assessed the influence of esthetic brackets’ opti-
cal properties on visual perception. Color and fluorescence 
changes have similarly been documented in other esthetic 
orthodontic components, such as archwires [26].

Regarding the second study hypothesis, our findings indicate 
that crystalline structure partially influences optical 
performance. Specifically, crystalline structure significantly 
influenced baseline and final transmittance values (Tr0, Tr1) and 
baseline chromatic parameters, with monocrystalline brackets 
showing higher L0, L1, a0, Tr0, and Tr1 values. However, 
crystalline structure did not determine the overall magnitude of 
color change (ΔE) or transmittance loss (ΔTr) between the two 
groups (no statistically significant difference). Therefore, the 
second hypothesis is partially rejected: crystalline structure 
influences baseline optical properties but not the overall 
magnitude of optical degradation. Effect size analysis revealed 
that while the overall magnitude of color change (ΔE) did not 
differ significantly between monocrystalline and polycrystalline 

brackets, the chromatic axis shift (Δa) showed a medium effect 
(statistically significant), indicating that crystalline structure 
systematically influenced the direction of color change rather 
than its magnitude. Monocrystalline brackets demonstrated a 
more pronounced shift toward negative a-axis values (green 
direction), while polycrystalline brackets showed a shift toward 
positive a-axis values (red/yellow direction). Additionally, a small 
but significant effect was observed for Δb (statistically 
significant), with monocrystalline brackets exhibiting slightly 
higher yellow-axis shift. 

Clinical implications

The findings of this study provide short-term clinical evidence 
that the optical properties of ceramic brackets are susceptible to 
intraoral degradation within 3 months. Recent developments in 
customized ceramic brackets aim to improve aesthetic perfor-
mance through individualized color and translucency adjust-
ments [27]. Given the 3-month observation period of the present 
study, it would be premature to draw definitive long-term clinical 
conclusions. Longer-term prospective studies are needed to 
determine whether the optical changes observed here continue 
to progress, plateau, or accelerate over the full duration of ortho-
dontic treatment. Within the limitations of the present study, cli-
nicians may consider discussing the potential for aesthetic 
changes with patients, particularly those with high aesthetic 
demands, while acknowledging that individual outcomes may 
vary substantially based on dietary habits and oral hygiene prac-
tices. As newer esthetic orthodontic bracket systems, including 
3D-printed brackets, continue to emerge, their long-term optical 
stability under intraoral conditions, including both color and 
translucency, warrants further clinical investigation [28, 29].

Table 7.  Intergroup comparison of baseline and post-exposure L, a, b, and Tr values between monocrystalline and polycrystalline bracket groups  (Mann–
Whitney U test).
Parameter Monocrystalline 

Mean ± SD
Monocrystalline 

Min / Max
Within-group p 

(Wilcoxon)
Polycrystalline 

Mean ± SD
Polycrystalline 

Min / Max
Within-group p 

(Wilcoxon)
Between-group p 

(Mann–Whitney U)

L0 97.84 ± 2.83 85.2 / 102.0 < 0.001** 94.97 ± 4.52 80.5 / 100.7 < 0.001** < 0.001**
L1 93.64 ± 4.41 77.4 / 100.0 < 0.001** 90.47 ± 3.76 78.8 / 100.0 < 0.001** < 0.001**
a0 1.44 ± 0.91 −4.2 / 5.7 < 0.001** 0.98 ± 1.38 −1.7 / 5.1 0.020* 0.020*
a1 1.08 ± 1.06 −0.4 / 4.8 < 0.001** 1.30 ± 0.86 −1.0 / 4.0 0.020* 0.020*
b0 2.19 ± 1.53 0.8 / 13.4 < 0.001** 2.90 ± 2.11 0.8 / 15.2 < 0.001** < 0.001**
b1 8.75 ± 2.78 1.1 / 15.1 < 0.001** 8.29 ± 2.89 1.2 / 16.5 < 0.001** 0.184 (ns)
Tr0 244.25 ± 18.53 195.0 / 285.0 < 0.001** 221.65 ± 9.98 190.0 / 240.0 < 0.001** < 0.001**
Tr1 234.10 ± 18.84 140.0 / 275.0 < 0.001** 213.03 ± 13.09 160.0 / 240.0 < 0.001** < 0.001**

ns: non-significant. SD: standard deviation.
Mann–Whitney U test (between-group comparisons). Wilcoxon signed-rank test (within-group comparisons). 
*p < 0.05; **p < 0.001.

Table 8.  Spearman correlation between color change (ΔE) and light transmittance change (ΔTr) in monocrystalline and polycrystalline bracket groups.
Group Parameter r p Effect size interpretation Clinical relevance

Monocrystalline ΔE vs. ΔTr −0.173 0.014* Weak (negligible–small) Limited – statistically significant due to large n; 
not clinically meaningful at individual level

Polycrystalline ΔE vs. ΔTr −0.161 0.023* Weak (negligible–small) Limited – statistically significant due to large n; 
not clinically meaningful at individual level

Spearman’s rank correlation coefficient. *p < 0.05. 
Effect size interpretation: |r| < 0.10 = negligible; 0.10–0.29 = small; 0.30–0.49 = medium; ≥ 0.50 = large.
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Limitations

The present study has several limitations that should be consid-
ered when interpreting the findings:

1.	 Blinding: Although allocation to the first phase was ran-
domized, blinding of participants and assessors was not 
feasible given the nature of the intervention, which may 
introduce performance or detection bias.

2.	 Absence of adhesive bonding (structural limitation): No 
adhesive composite was bonded under the brackets to pre-
vent composite-induced discoloration. This represents a 
structural methodological limitation, as brackets are invari-
ably bonded in clinical practice. The absence of adhesive 
bonding may have underestimated actual optical changes 
and excluded the contribution of adhesive materials to 
overall aesthetic outcomes.

3.	 Transmittance measurement: Light transmittance was 
assessed using an LED curing unit and a radiometer, which 
measures transmitted light intensity rather than absolute 
spectral optical transmittance. The absence of spectral anal-
ysis and true transmission spectrophotometry limits com-
parability with studies employing spectrofluorometer-based 
methods [24].

4.	 Multiple comparisons: Bonferroni correction was applied 
for post-hoc comparisons; however, the risk of Type I error 
cannot be entirely eliminated given the number of inter-
group analyses.

5.	 Dietary control: Dietary intake was not objectively con-
trolled beyond standardized dietary advice and recall ques-
tionnaires, which may have introduced intra-group 
variability.

6.	 Short follow-up: The 3-month observation period rep-
resents short-term clinical aging only and may not fully 
reflect long-term intraoral behavior.

Conclusions

After 3 months of intraoral exposure, all evaluated ceramic 
brackets demonstrated statistically significant, brand-depend-
ent changes in color (ΔE) and light transmittance (ΔTr). All 
brands exhibited ‘extremely marked’ discoloration according to 
NBS criteria (NBS > 6). A weak negative correlation was identi-
fied between color degradation and transmittance reduction, 
though the clinical significance of this association is limited.

Crystalline structure (monocrystalline vs. polycrystalline) 
influenced baseline optical properties – including initial 
lightness and transmittance values – but did not significantly 
determine the overall magnitude of color change (ΔE) or 
transmittance loss (ΔTr). However, crystalline structure did 
influence the direction of chromatic shift, with monocrystalline 
brackets showing a medium-effect difference in Δa and a 
small-effect difference in Δb. Total optical stability appeared to 
be primarily influenced by brand-specific manufacturing 
characteristics rather than crystalline structure alone. Within 
the constraints of the 3-month follow-up period and the 
absence of adhesive bonding, these findings suggest that 
clinicians should consider brand-specific optical performance 
when selecting ceramic brackets for patients with high 
aesthetic demands.
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Table 9.  Comparison of ΔE and ΔTr values between clinical exposure groups and control groups stored in artificial saliva (Kruskal–Wallis test).
Crystal structure Brand Parameter Experimental group 

Mean ± SD
Experimental  group 

Min / Max
Control group  Mean 

± SD
Control group  Min / 

Max
p

Monocrystalline Gemini ΔE 7.39 ± 2.38 3.76 / 12.98 1.50 ± 0.90 0.80 / 3.00 < 0.001**
Monocrystalline Gemini ΔTr −9.40 ± 8.31 −35.00 / 0.00 0.00 ± 0.00 0.00 / 0.00 0.002*
Monocrystalline Ice ΔE 10.01 ± 3.65 4.30 / 19.85 1.60 ± 0.70 0.60 / 2.30 < 0.001**
Monocrystalline Ice ΔTr −6.50 ± 6.80 −25.00 / 0.00 0.00 ± 0.00 0.00 / 0.00 0.011*
Monocrystalline Hubit ΔE 9.74 ± 2.91 1.71 / 16.54 1.80 ± 3.40 0.00 / 7.70 0.001**
Monocrystalline Hubit ΔTr −11.10 ± 7.58 −30.00 / 0.00 0.00 ± 0.00 0.00 / 0.00 0.001**
Monocrystalline Radiance ΔE 9.60 ± 3.94 3.51 / 22.80 1.80 ± 0.80 0.40 / 2.70 < 0.001**
Monocrystalline Radiance ΔTr −13.50 ± 17.82 −125.00 / 0.00 −1.00 ± 2.20 −5.00 / 0.00 0.003*
Polycrystalline Clarity ΔE 11.17 ± 3.26 5.10 / 21.17 0.60 ± 0.40 0.00 / 1.10 < 0.001**
Polycrystalline Clarity ΔTr −7.20 ± 4.97 −20.00 / 0.00 0.00 ± 0.00 0.00 / 0.00 0.002*
Polycrystalline 20/40 ΔE 6.98 ± 3.14 1.26 / 14.93 0.60 ± 0.20 0.30 / 0.70 < 0.001**
Polycrystalline 20/40 ΔTr −8.90 ± 5.08 −20.00 / 0.00 0.00 ± 0.00 0.00 / 0.00 0.001**
Polycrystalline Resolve ΔE 8.82 ± 3.44 1.24 / 16.31 0.40 ± 0.20 0.20 / 0.70 < 0.001**
Polycrystalline Resolve ΔTr −6.60 ± 6.01 −25.00 / 5.00 0.00 ± 0.00 0.00 / 0.00 0.006*
Polycrystalline Chic ΔE 10.07 ± 3.58 3.87 / 19.60 3.70 ± 1.90 2.30 / 7.00 0.001**
Polycrystalline Chic ΔTr −11.80 ± 8.85 −40.00 / 0.00 0.00 ± 0.00 0.00 / 0.00 0.001**

SD: standard deviation. 
Kruskal–Wallis test. *p < 0.05; **p < 0.001. 
Δ values represent the difference between post-exposure and baseline measurements.
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