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Objective. The purpose of this study was to detect and investigate the association of enamel

microcracks with demineralization at proximal contact areas of premolars, using 3D swept-

source optical coherence tomography (SS-OCT).

Methods. Extracted maxillary and mandibular premolars (n = 50 each), without any visible

tooth  cracks, were examined for demineralization of interproximal contact areas, using the

International Caries Detection and Assessment System (ICDAS). SS-OCT was used to eval-

uate  demineralization and detect microcracks. Demineralization progression was divided

into  4 types by depth: 0 for sound enamel and Type I, II, and III for enamel demineraliza-

tion  penetrating into the outer third, the middle third, and the inner third of the enamel

thickness, respectively. Enamel microcracks were classified according to the predominant

crack pattern: Type O, no cracks; Type A, subsurface microdefects; Type B, enamel microc-

rack running along the direction of the enamel prism; Type C, enamel microcrack running

transverse to the enamel prism direction; and Type D, a combination of patterns A, B, and
Demineralization

International Caries Detection and

Assessment System (ICDAS)

C.  SS-OCT findings were confirmed by confocal laser scanning microscopy observation.

Results. Microcracks confined within the superficial enamel in proximal contact areas were

seen  as bright lines on SS-OCT. There were significant positive correlations among ICDAS

codes, demineralization levels, and microcrack distribution (p ≤ 0.001). The mesial side of

maxillary premolars showed significantly more demineralization (n = 36) and microcracks
(n  = 27) than that of the mandibular premolars (n = 20 and n = 14, respectively; p < 0.001).

∗ Corresponding author at: Department of Operative Dentistry, Okayama University, 2-5-1 Shikata-cho, Kita-ku, Okayama 700-8525, Japan.
E-mail address: shimada.ope@okayama-u.ac.jp (Y. Shimada).

https://doi.org/10.1016/j.dental.2019.01.008
0109-5641/© 2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.dental.2019.01.008
http://www.sciencedirect.com/science/journal/01095641
www.intl.elsevierhealth.com/journals/dema
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2019.01.008&domain=pdf
mailto:shimada.ope@okayama-u.ac.jp
https://doi.org/10.1016/j.dental.2019.01.008


d e n t a l m a t e r i a l s 3 5 ( 2 0 1 9 ) e74–e82 e75

Significance. The presence of microcracks within the superficial enamel in proximal contact

areas could be determined using SS-OCT, and correlated with the level of demineralization.

3D  SS-OCT is a valuable diagnostic tool for comprehensive assessment of microstructural

changes related to enamel demineralization and crack development.

©  2019 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.

1

D
t
d
[
f
a
b
s
t
I
l
w
c

c
e
t
t
a
t
s
r
d
s
o
s
p
[

a
v
a
r
i
c
v
u
s
I
m
f
d
w
a
o
a
p
s

.  Introduction

ental caries is a biofilm-mediated, sugar-driven, mul-
ifactorial, dynamic disease that results in the phasic
emineralization and remineralization of dental hard tissues

1]. Due to widespread fluoride accessibility over the past
ew decades, the incidence of caries has markedly declined
nd the pattern of lesions changed [2]. Although there has
een a distinct reduction in development of enamel caries on
mooth surfaces, carious lesions remain highly localized on
he occlusal and proximal surfaces of the posterior teeth [3,4].
t has also been reported that a greater proportion of caries
esions are detected on the proximal surfaces of the teeth

hen radiographically examined than when only examined
linically, particularly in a young adult population [5,6].

Proximal surfaces, which are usually in contact with adja-
ent teeth under physiological circumstances, are highly
xposed to the carious process [7]. During mastication, the
eeth are tipped mesially; a gliding movement  between con-
acting surfaces results in wear and in the development of

 proximal contact area [8,9]. Moreover, excessive proximal
ooth contact provides increased tightness and affects the ten-
ile stress at the proximal contact areas [10,11]. It has been
eported that compressive, shear, and tensile stresses pro-
uced during mastication cause enamel wear on the contact
urface [12]. Depending on the contact stress, wear can inhibit
r enhance the formation of cracks [13]. However, to date, no
tudy has focused on detection of enamel cracks in the inter-
roximal contact area, except for the developmental lamella

14].
Unlike the occlusal and free smooth surfaces, the arch

lignment and the presence of neighboring teeth prevent
isual exanimation of the proximal surfaces. Difficulty in
ccessing the proximal area for diagnostic evaluation may
esult in underestimation of the caries prevalence, especially
n young adults [6]. Moreover, for early detection of approximal
aries, the clinician usually relies on bitewing radiographs and
isual inspection [15,16]. Although these are well-accepted as
seful diagnostic methods with high specificity, their low sen-
itivity may lead to underestimation of the lesion extent [17].
n recent years, the International Caries Detection and Assess-

ent System (ICDAS) has been introduced as a new protocol
or dental caries assessment [18]. This system helps to stan-
ardize visual diagnosis, provides early detection of caries
ith respect to existing color changes or surface moisture,

nd has been validated against histological examination of
cclusal caries. Moreover, the ICDAS have been reported to be

n accurate method for detecting and estimating the depth of
roximal lesions in open inspection [19]. However, in a clinical
ituation, its reliability in the smooth approximal surface still
requires validation against other supplementary diagnostic
tools.

Optical coherence tomography (OCT) has been developed
as a non-invasive, cross-sectional imaging system that can
visualize internal structures non-destructively [20]. OCT is
based on the concept of low-coherence interferometry, where
the backscattered signal intensity projected onto the sam-
ple reveals depth-resolved information about the scattering
and reflection of light in the sample [21]. Swept-source OCT
(SS-OCT) is the latest enhancement of that imaging tech-
nology, in which the laser source sweeps the target with
near-infrared wavelengths, within millisecond-scan delays, at
kilohertz rates, to achieve real-time imaging. With enhanced
image resolution and scanning speed for 2D and 3D images, it
has been used in the detection of carious lesion, cracks, and
dental restoration defects [13,22,23]. Moreover, SS-OCT has
been reported to demonstrate high sensitivity and specificity
for early detection of smooth surface caries [24] and proximal
caries [25].

As caries lesions develop and spread in 3 dimensions, early
detection of caries by using SS-OCT with 3D imaging will
be clinically useful. Moreover, a better understanding of the
nature and development of lesions during the early stage is
important for gaining insight into the etiology of the disease,
as well as for implementing preventive and interceptive treat-
ment strategies. Therefore, this study aimed to detect the
initial demineralization and crack patterns in the proximal
contact area of extracted human premolars using 3D SS-OCT.
The caries susceptibility and lesion patterns were also evalu-
ated by determining whether there were correlations among
the visual assessment using ICDAS criteria, level of deminer-
alization and crack pattern.

2.  Materials  and  methods

The protocol was approved by the ethical review board and
human research ethics committee of Tokyo Medical and Den-
tal University. Fifty human premolars from each arch (maxilla
and mandible) were examined in this study. The teeth were
extracted for orthodontic purposes from individuals within
the age range of 18–35 years. Inclusion criteria included sound
teeth without any visible tooth cracks or craze lines, with no
visible decalcification, or visible white spot-like changes on
the smooth enamel of the proximal surfaces. The teeth were
cleaned with prophylactic paste (Pressage, Shofu Inc., Kyoto,

Japan) using a low-speed handpiece and were stored in dis-
tilled water containing thymol crystal. All the specimens were
kept in a moist condition throughout the study, to prevent
desiccation.

https://doi.org/10.1016/j.dental.2019.01.008
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Fig. 1 – Schematic illustrations of the different types of enamel microcracks.
Type A: microdefects at the subsurface enamel. Type B: microcrack running along the direction of the enamel prism. Type C:

on. T
ation
microcracks running transverse to the enamel prism directi
Type O: no micro-defects and micocracks. DEM: demineraliz

2.1.  International  Caries  Detection  and  Assessment
System  (ICDAS)

The interproximal contact areas of all teeth were visually
inspected by a clinician, using the ICDAS criteria [18]:

1 Sound enamel, with no change in translucency after prolonged
(>5 s) air drying.

2 First visual changes visible in enamel; opacity or discoloration not
visible on the wet surface, but distinctively visible after air drying,
or seen on a wet surface.

3 Distinct visual changes in enamel; opacity or discoloration dis-
tinctly visible on a wet surface.

2.2.  3D  SS-OCT  imaging

The SS-OCT system (prototype, Yoshida Dental MFG, Tokyo,
Japan) used in this study constructs a 3D image  with a central
wavelength of 1310 nm,  a scan range of 140 nm,  optical reso-
lution in air of 11 �m in depth and 40 �m in width and length
[13]. First, all surfaces of each extracted tooth were compre-
hensively observed using 3D SS-OCT imaging to confirm the
absence of any mechanical damage to the tooth surface dur-
ing the extraction process. Then, a handheld scanning probe
was set to a fixed distance over the tooth, with the scanning
beam oriented 90◦ to the interproximal surface. The tooth was
examined at the interproximal contact area of both mesial and
distal surfaces and observed for the presence of demineralized
lesions or microcracks. 3D images, as well as 2D images along
the x-, y-, and z-axes, were taken of the entire interproximal

surface.

Demineralization progression was divided into 4 levels,
according to the OCT light scattering lesion front and the
enamel thickness:
ype D: enamel cracks combining any of the patterns above.
.

DEM Type 0: Sound tooth surface, in which the OCT signal at
the interproximal contact area was of the same level as that of the
surrounding normal enamel.

DEM Type I: Demineralization progression in the outer third of
the enamel layer.

DEM Type II: Demineralization progression in the middle third of
the enamel layer

DEM Type III: Demineralization progression in the inner third of
the enamel layer, or near the dentinoenamel junction (DEJ).

Enamel microcracks localized at the interproximal contact
area were divided into 4 patterns (Fig. 1):

Type A: Microdefects at the subsurface enamel.
Type B: Microcracks running in the direction of the enamel prism.
Type C: Microcracks running transverse to the enamel prism direc-

tion.
Type D: Enamel microcracks combining any of the above patterns.
Type O: No microdefects or microcracks observed.

2.3.  Confocal  laser  scanning  microscopy  observations

In order to validate the result of 3D and 2D OCT images,
teeth were sectioned and examined by confocal laser scan-
ning microscopy (CLSM) (VK-X150 series, Keyence, Osaka,
Japan). The desired cross-sectional slides of the 3D OCT image
were marked on the teeth and then the area of interest was
sectioned using a low-speed diamond saw (Isomet, Buehler,
Lake Bluff, IL, USA) under running water. The sectioned teeth
were further trimmed using 2000-grit silicon carbide paper
and polished down to 1 �m.  The polished specimens were
ultra-sonicated with distilled water for 3 min  to remove the
polishing debris and were examined by CLSM at 5× magnifi-
cation.
2.4.  Statistical  analysis

The correlations of the ICDAS code with the demineraliza-
tion level and crack pattern were assessed using Spearman’s

https://doi.org/10.1016/j.dental.2019.01.008
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Fig. 2 – Photographs, optical coherence tomography (OCT) images and confocal laser scanning microscopy (CLSM) images
representative of demineralization and microcrack patterns. Photograph of sound maxillary premolar with ICDAS code 0 (A,
the arrow indicates the region and direction of OCT scanning); SS-OCT images showing initial changes in the superficial
enamel with Type A crack (A1, Mesio-distal multiplanar view), (A2, occluso-gingival view); CLSM images (A3, the arrow
indicates the Type A crack pattern); photograph of mandibular premolar, ICDAS code 1 (B, the arrow indicates the region and
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orrelation analysis. The Kruskal–Wallis test was used for
omparisons between maxillary and mandibular teeth on
oth sides, for each score, followed by the Dunn–Bonferroni
ost-hoc test for pairwise comparisons. Statistical analyses
ere performed using SPSS

®
IBM

®
(IBM SPSS Statistics for

indows, Version 23.0. Armonk, NY: IBM Corp.) Significance
as set at  ̨ = 0.05.

.  Result

fter SS-OCT observation, one maxillary and one mandibular
ooth were excluded due to enamel fracture during the tooth
xtraction process. Demineralized lesions presented as high
eflectivity of enamel around the interproximal contact areas
Figs. 2 and 3). The typical lesion pattern appeared as a cone
hape, with the base reaching from the enamel surface to DEJ,
ut some lesions presented only a superficial layer-type lesion
attern. Enamel microcracks were found together with dem-

neralized interproximal contact areas in some teeth. These
icrocracks appeared as a bright line in SS-OCT, with 1 of 4

redominant patterns (Figs. 2 and 3).
Spearman’s correlation analysis revealed significant posi-
ive correlations among ICDAS codes, demineralization levels,
nd microcrack distribution (p ≤ 0.001). The distribution per-
entages of each parameter are described in Table 1. In Fig. 4,
EM and ICDAS scores showed a good agreement: DEM Type 0
neralization with Type B crack (B1, Mesio-distal multiplanar
dicates the Type B crack pattern).

corresponded to ICDAS code 0 (n = 91, 98.8%). Moreover, ICDAS
code 1 clustered with DEM Type I (n = 33, 78.6%), while ICDAS
code 2 was distributed between DEM Types II and III (n = 53,
85.5%). On the other hand, DEM Types 0 and I were either asso-
ciated with Type O (no cracks; n = 81, 74.3%) or with type A
cracks (n = 48, 82.7%). Type C and D cracks were only observed
with DEM Types II (n = 4,100%) and III (n = 14, 100%); how-
ever, DEM Type II was associated with all types of cracks [O:,2
(36.4%), A: 7 (21.2%), B: 6 (18.2%), C: 4 (12.1%), and D: 4 (12.1%)].
In DEM Type III, Type O (n = 16, 55.2%) and type D (n = 10, 34.5%)
cracks had the highest frequency.

The enamel microcrack distribution correlated with the
demineralization lesion (Figs. 2 and 3). SS-OCT observations
were validated by CLSM images. Pairwise comparison between
mesial (U-M) and distal (U-D) contact areas of the maxil-
lary, and mesial (L-M) and distal (L-D) contact areas of the
mandibular teeth in each scoring parameter is described in
Table 2. U-M showed significantly higher ICDAS Scores (code
2: 59.2%) among all the examined teeth (p < 0.001). The dem-
ineralization distribution was also significantly higher than
that of L-M and L-D (p < 0.001). Although there was no signifi-
cant difference in microcrack distribution between the mesial
and distal side of the maxillary and mandibular teeth, U-M

showed a significantly higher percentage of microcracks than
L-M (p = 0.032).

https://doi.org/10.1016/j.dental.2019.01.008
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Fig. 3 – Photographs, optical coherence tomography (OCT) images and confocal laser scanning microscopy (CLSM) images
representative of demineralization and microcrack patterns. Photograph of mandibular premolar with ICDAS code 1 (A, the
arrow indicates the region and direction of OCT scanning); SS-OCT images showing Type II demineralization with Type C
crack (A1, Mesio-distal multiplanar view), (A2, occluso-gingival view); CLSM images (A3, the arrow indicate the Type C crack
pattern). Photograph of maxillary premolar, ICDAS code 2 (B, the arrow indicates the region and direction of OCT scanning),
SS-OCT images showing Type III demineralization with Type D crack (B1, mesio-distal multiplanar view), (B2,
occluso-gingival view); CLSM images (B3, the arrow indicates the Type D crack pattern).

Table 1 – The distribution percentages of ICDAS codes, demineralization levels, and microcrack patterns for all examined
teeth.

ICDAS Total Crack Total

0 1 2 O A B C D

DEM 0 Count 91 0 0 91 59 31 1 0 0 91
Column (%) 100.0% 0.0% 0.0% 100.0% 64.8% 34.1% 1.1% 0.0% 0.0% 100.0%
Row (%) 98.9% 0.0% 0.0% 46.4% 54.1% 53.4% 9.1% 0.0% 0.0% 46.4%

I Count 1 33 9 43 22 17 4 0 0 43
Column (%) 2.3% 76.7% 20.9% 100.0% 51.2% 39.5% 9.3% 0.0% 0.0% 100.0%
Row (%) 1.1% 78.6% 14.5% 21.9% 20.2% 29.3% 36.4% 0.0% 0.0% 21.9%

II Count 0 9 24 33 12 7 6 4 4 33
Column (%) 0.0% 27.3% 72.7% 100.0% 36.4% 21.2% 18.2% 12.1% 12.1% 100.0%
Row (%) 0.0% 21.4% 38.7% 16.8% 11.0% 12.1% 54.5% 100.0% 28.6% 16.8%

III Count 0 0 29 29 16 3 0 0 10 29
Column (%) 0.0% 0.0% 100.0% 100.0% 55.2% 10.3% 0.0% 0.0% 34.5% 100.0%
Row (%) 0.0% 0.0% 46.8% 14.8% 14.7% 5.2% 0.0% 0.0% 71.4% 14.8%

196
55.6
100
Total Count 92 42 62 

Column (%) 46.9% 21.4% 31.6% 100.0% 

Row (%) 100.0% 100.0% 100.0% 100.0% 

4.  Discussion

In this study, we observed the interproximal contact areas of

freshly extracted maxillary and mandibular premolars using
3D SS-OCT, to investigate the association of enamel microc-
racks, observed by SS-OCT and CSLM, with demineralization,
 109 58 11 4 14 196
% 29.6% 5.6% 2.0% 7.1% 100.0%

.0% 100.0% 100.0% 100.0% 100.0% 100.0%

assessed using the ICDAS score and SS-OCT observation.
We showed that ICDAS scores correlated significantly with
demineralization level and microcrack patterns, and that
significantly more  demineralization and microcracks were

present in the mesial side of maxillary than of mandibular
premolars.

https://doi.org/10.1016/j.dental.2019.01.008
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Table 2 – The distribution of each parameter (ICDAS, DEM, and Crack) between the mesial and distal sides of maxillary
and mandibular premolars.

U-M U-D L-M L-D p-value

n % n % n % n %

ICDAS 0  13 26.5% 24 49.0% 29 59.2% 26 53.1% ≤0.001*

1 7 14.3% 9 18.4% 13 26.5% 13 26.5%
2 29 59.2% 16 32.7% 7 14.3% 10 20.4%
Rank A B B B

DEM 0 13 26.5% 23 46.9% 29 59.2% 26 53.1% ≤0.001*

I 9 18.4% 7 14.3% 14 28.6% 13 26.5%
II 12 24.5% 11 22.4% 4 8.2% 6 12.2%
III 15 30.6% 8 16.3% 2 4.1% 4 8.2%
Rank A AB B B

Crack O 22 44.9% 27 55.1% 35 71.4% 25 51.0% 0.032*

A 16 32.7% 14 28.6% 11 22.4% 17 34.7%
B 4 8.2% 2 4.1% 2 4.1% 3 6.1%
C 1 2.0% 2 4.1% 0 0.0% 1 2.0%
D 6 12.2% 4 8.2% 1 2.0% 3 6.1%
Rank A AB 

∗ significant at p < 0.05.

Fig. 4 – Distribution of ICDAS codes, demineralization
levels, and crack patterns. Lines indicate the distribution of
the ICDAS code within the demineralization (DEM) and
crack scores. blue: ICDAS code 0, red: ICDAS code 1, green:
I
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enamel surface. The microcracks were frequently observed in
CDAS code 2.

Although the prevalence of caries experience increases
ith age, the highest caries rates at approximal surfaces in

ll age groups has been reported in a previous study [26]. Con-
equently, in order to attenuate the impact of an increase in
ge on our data, we  used the teeth extracted for orthodontic
urposes from young adults (18–35 years old) in this study.

The laser light source of SS-OCT, with a central wavelength
f 1310 nm,  can penetrate the entire thickness of enamel up
o 3 mm [27]. Sound tooth surfaces at the interproximal con-
act area exhibit OCT signal reflectivity of the same level as
hat of the surrounding normal enamel, while demineralized

reas can be detected as bright lesions due to the intensi-
ed backscatter signals [28,29]. Loss of minerals increases
he enamel porosity. The micro-interfaces between mineral
B AB

crystals created during demineralization and water within
the pores cause higher reflectivity and results in increased
brightness on OCT images [29,30]. During early enamel dem-
ineralization, low backscatter signals of the underlying sound
enamel, due to the higher reflectivity from the superficial
enamel, creates a visible lesion boundary [25]. Although the
extent of demineralization was not quantitatively measured
in this study, lesion demineralization was evaluated by divid-
ing the enamel surface into three portions, from the outer
surface to the DEJ. As the lesion pattern in proximal dem-
ineralization is cone-shaped (i.e., 3D in nature), the extent of
the lesion was estimated by determining the deepest lesion
boundary on the grayscale OCT images. The level of dem-
ineralization monitored determined in this way on 3D SS-OCT
correlated significantly with ICDAS scores.

Besides the demineralized lesions, initial changes of
enamel with internal microcracks localized at the contact
zone were found (Fig. 2A1, B1 and Fig. 3A1, B1). Enamel
microcracks appear as bright spots or bright lines due to
the difference in refractive indices between enamel and the
crack space, which increases the OCT signal [31]. Not all dem-
ineralized lesions in the interproximal contact areas were
accompanied by microcracks: only 46% of examined teeth
exhibited superficial enamel microcracks. The prevalence of
such cracks may vary, depending on the characteristics of
the individual’s dentition, such as crowding, or spaces, and
periodontal status. The patterns of microcracks found in the
interproximal contact areas also differed from developmental
enamel defects, such as lamella and enamel tufts.

In this study, the tooth surfaces were first comprehensively
observed to detect cracks or damage caused during extrac-
tion. The microcracks in the enamel presented in this study
were mostly localized within the subsurface enamel, and were
not conventional macrocracks that extend from the outer
the vicinity of the interproximal contact area, where no evi-
dence of cracks were found with the naked eye. Conventional
macrocracks are clinically found at the buccal or lingual tooth

https://doi.org/10.1016/j.dental.2019.01.008
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crown portion, where self-care cleaning is easily accessible
and caries are typically absent. The difference in anatomical
location and oral health-care behavior should be taken into
account. The enamel microcracks found in this study occurred
in the posterior interdental areas, where access for cleaning
devices is less optimal.

Segarra et al. [9] recently examined mastication-induced
enamel crack behavior on the occlusal surfaces of cusps, by
using 3D SS-OCT. When the enamel surface is subjected to
compressive and impact forces, such as tensile or shear stress,
during protrusive and lateral movement  during mastication
[13,32], superficial enamel cracks develop. Although mastica-
tory forces do not directly affect the proximal contact area,
these forces can be transmitted to the adjacent teeth along
the arch [8–10]. Alexander et al. reported that physiological
proximal contact is maintained by compressive force between
the proximal surfaces of adjacent teeth and by resistance
force when adjacent teeth passively touch each other, with-
out force, to resist any separating force between them [33].
Furthermore, Benazzi et al. reported that occlusal compres-
sive stresses result in tensile stress on the interproximal area
of premolar teeth during masticatory loading, which was more
aggressive in cases of advanced occlusal wear [34]. Interproxi-
mal  attrition is influenced indirectly by the mastication forces
applied on the teeth, in combination with the mesial force,
producing tight interproximal contacts [8–11,35]. Therefore,
the microcracks observed in the interproximal contact area are
presumably induced by stress arising from the force of prox-
imal tightness, which causes proximal attrition or increases
the risk for enamel demineralization.

Internal microdefects (Type A) were predominantly
detected on visually sound proximal contact areas, without
any incidence of demineralization (Fig. 4). During mastication,
the occlusal cusp of the antagonist jaw contacts the proximal
ridge. This may cause small internal defects, which are
observed as bright spots in the superficial subsurface enamel
(Fig. 2A1). This was clearly observed in confirmatory CLSM
images (Fig. 2A3).

Type B cracks were predominantly found in Types 1 and 2
demineralized lesions (Fig. 2B1 and Fig. 4). During the initial
stage of demineralization, the mechanical strength of enamel
may decrease due to the dissolution of minerals and weaken-
ing of the inter-crystalline bonds [36]. Under such conditions,
the proximal contact force during mastication could be a fac-
tor promoting the formation of a superficial crack along the
long axis of the prism (Fig. 2B1, B2, B3). This crack pattern can
be likened to macro-fractures [36], in which lamella, a devel-
opmental enamel defect, can cause the crack to progress from
the outer enamel towards the enamel tufts near the DEJ. The
lamella may be a factor in the formation of such a crack pat-
tern at the proximal surface, which may lead to the initiation
of caries [14].

Type C cracks were only observed when demineralized
lesions extended to the middle third of the enamel (Figs. 3 A1,
A2, and 4). Demineralization causes a decrease in the tough-
ness of enamel due to a deteriorated multi-level hierarchical

structure [37,38]. These superficial transverse microcracks
may have resulted from destruction and fragmentation of the
enamel prisms within the lesion body, which in turn are exag-
gerated by proximal loading or by the deflection of a crack
5 ( 2 0 1 9 ) e74–e82

extending inward from the enamel surface, due to decussation
of the prism [39]. Additionally, internal microdefects (Type A)
may have interconnected due to enamel weakening by dem-
ineralization. This internal crack propagation can only be seen
in the occluso-gingival view (Fig. 3A2) and is difficult to con-
firm by CLSM imaging in a longitudinal section, due to the 3D
nature of the crack (Fig. 3A3).

Type D cracks were predominantly found when the dem-
ineralization had progressed to the inner third of the enamel
layer (Fig. 3B1, B2, B3). The crack runs from the outer enamel
along the prism and then extends into the demineralized
enamel lesion, which favors crack progression, as less energy
is needed for the crack to progress through the inter-prismatic
boundaries [39]. Although the outer surface layer of the
enamel, with denser crystal apatite, appeared intact, micro-
crack formation in the underlying lesion body may lead to
a breakdown of the enamel surface and formation of a cav-
itated lesion. This microcrack pattern observed with SS-OCT
was confirmed with CLSM (Fig. 3B3).

The mesial side of maxillary premolars presented a sig-
nificantly higher frequency of demineralized lesions and their
demineralization and crack analyses corresponded better with
the ICDAS scores than did the mandibular premolars (Table 2).
Proximal contact tightness in the maxilla is greater than that
in the mandible during clenching [11]; thus, occlusal forces
may have a greater effect on maxillary teeth than on mandibu-
lar teeth. This assumption agrees with the finding of another
study, in which the prevalence of non-carious cervical lesions
was higher in maxillary premolars, due to higher occlusal
forces [40]. In addition to higher occlusal stress, lower intraoral
salivary flow [41] and broader contact areas [42] might explain
the higher frequency of demineralized lesions and crack for-
mation in maxillary premolars.

Our study had some limitations. First, the use of extracted
teeth, which may have been subjected to certain forces dur-
ing the extraction procedure, could have affected the outcome.
Second, although SS-OCT was clinically used to detect inter-
proximal caries through the overlying occlusal and marginal
ridge structure as it produces sufficient backscatter signals
[25], future in-vivo studies are needed to confirm the prelimi-
nary results of our study.

5.  Conclusion

The incidence of enamel microcracks at the proximal contact
area of teeth increased in relation to demineralization, and
may act as a predisposing factor for proximal caries progres-
sion. Additionally, this study demonstrated that 3D SS-OCT is
a valuable diagnostic tool for comprehensive assessment of
microstructural changes in enamel, such as demineralization
and cracks development.
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