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1 Introduction

Several methods are utilized in the practice of dental prosthe-
ses investigation.1 The metallographic method” consists of
successive removal of different thickness layers from the
prosthesis body, followed by microscope investigation of the
material defects found. Another method that is currently
evolving is the method of penetrating liquids,3 which dis-
closes surface defects only. These methods lead to sample
destruction.” Nondestructive methods are radiology, CT, and
NMR; however, the first two are invasive for the patient and
are limited to the detection of metal cast defects.” Such meth-
ods exhibit poor resolution, and none have been developed to
provide 3-D views of the defects within the material structure.

Good quality assessment requires noninvasive identifica-
tion of much smaller defects than the size and resolution
achievable by any of the methods in use today. It is desirable
to be able to image individual defects and evaluate their over-
all distribution within the prosthesis. Once a defect is local-
ized and characterized, the prosthesis is subject to further tests
to evaluate its reliability under masticatory forces.

Several studies have demonstrated the potential of optical
coherence tomography (OCT) to image, both hard and soft
oral tissues® at high resolution. OCT images provide micro-
structural details that cannot be obtained with any other im-
aging modalities. Periodontal tissue contour, sulcular depth,
and connective tissue attachment’ can be identified in OCT
images. The internal aspect and marginal adaptation of
porcelain-fused-to-metal crowns and composite restorations
can also be visualized.
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An important goal in conservative dentistry is the evalua-
tion of the microleakage in cavities filled with restorative ma-
terials. Presently, the methods used for assessing marginal mi-
croleakages are invasive and are performed in vitro only.g‘9
The OCT potential for clinical evaluation of dental
restoration'’ has been demonstrated on interfaces between
enamel and dental amalgam. Other studies have demonstrated
that polarization-sensitive OCT is well suited for the imaging
of demineralized and fluoride-enhanced remineralized artifi-
cial lesions,'" as well as of interproximal and occlusal caries,
early root caries, and for imaging decay under composite
ﬁllings,]2 composite sealants, and restorations.

The success rate of root canal treatment and filling repre-
sents a challenge for the dentist. The incorrect filling of the
root canal causes microleakage, which leads finally to the
failure of endodontic therapy. There are several methods for
evaluating the apical sealing of root canal sealers, such as
bacterial penetration, fluid transport and clarification, penetra-
tion of radioisotopes, electrochemical methods, and gas
chr0111atography.l4’15 All these are either invasive, leading to
sample destruction, or require expensive analytical infrastruc-
ture. Furthermore, they may lead to nonconclusive results.
Therefore, OCT was proposed as a potential tool'® for in-vivo
endodontic imaging.

All the OCT studies mentioned used A- or B-scan OCT
techniques only. We use en-face OCT, which is based on
transverse scanning.'” This allows C-scan imaging as well as
an easy switch from C-scan to B-scan OCT. Several reports
have demonstrated the utility of the en-face view in
ophthalmology,18 and imaging of several pathologies has
shown that the en-face view has allowed a quicker detection
of retinal features, sometimes missed by longitudinal OCT.
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In this work, en-face optical coherence tomography (OCT)
is assessed as a possible noninvasive high resolution method
in supplying information on the defect content of dental pros-
theses. A variety of prostheses have been imaged, either fixed
or removable, and which are made of metal-ceramic, metal-
polymer, all ceramic, and polymer.

The common methods currently used in the investigation
of the quality of brackets bonding on tooth surfaces are based
on the assessment of the shear bond strength. ' These methods
are used for in-vitro experimental studies only and therefore
there is still no in-vivo method for investigating the bracket-
resin-tooth interfaces.

We have also investigated the potential of en-face OCT in
evaluating the success of fixed orthodontic therapy. This de-
pends, among other factors, on the bond strength of the
bracket. OCT imaging presents good potential for in-vivo use;
therefore, as a preliminary step before proceeding in vivo, we
focused our attention mainly on the bracket-resin-tooth inter-
face. We investigate further the marginal microleakage of
composite resin fillings, the material defects inside the filling
material, as well as the quality of the root canal filling.

The en-face view has also triggered development of dual
OCT/fundus imaging.” Using the expertise acquired in com-
bining OCT with confocal microscopy (CM), it becomes pos-
sible to investigate the utility of such dual imaging capability
in dentistry. There may be instances where dual imaging, in
the form of OCT/CM, proves better suited than an OCT in-
vestigation alone. Preliminary studies have indicated that such
a dual display may provide useful information on the sample
and may help the association of features seen in the high
resolution image (OCT) with the bulk appearance of the
“overall” view image, provided by a microscopy channel.”!

In addition, due to the capability of en-face OCT to gen-
erate views in orthogonal planes (B- and C-scans) in real
time, such an imaging method seems better suited to deliver
tomography information. T-scan-based OCT has already been
used to quantify the amount of mineral lost during the dem-
ineralization process™ of the enamel.

The purpose of this study is to investigate further the util-
ity of en-face OCT in dentistry by evaluating the dental hard
tissue, restorative materials, and their interfaces, as well as
dental prostheses.

2 Material and Methods: Different Scanning
Procedures

To obtain 3-D information about an object under investiga-
tion, any imaging system is equipped with three scanning
means, one to scan the object in depth and two others to scan
the object transversally. Depending on the order that these
scanners are operated and on the scanning direction associated
with the line displayed in the raster of the final image deliv-
ered, different possibilities exist.!’

2.1 Longitudinal Optical Coherence Tomography
(A-Scan-Based B-Scan)

B-scan images, analogous to ultrasound B-scans, are gener-
ated by collecting many reflectivity profiles in depth (A-
scans) for different and adjacent transverse positions. The
transverse scanner (operating along x or y) advances at a
slower pace to build a B-scan image. The majority of reports

Journal of Biomedical Optics

054065-2

in the literature refer to this method of 0perati0n.6’7’10’13 In

longitudinal OCT, the axial scanner is the fastest and its
movement is synchronous with displaying the pixels along the
line in the raster, while the lateral scanning determines the
frame rate.

2.2 En-Face Optical Coherence Tomography
(T-Scan-Based B-Scan)

In this case, the transverse scanner determines the fast lines in
the image. We call each such image line a T-scan. This can be
produced by controlling either the transverse scanner along
the x coordinate, or along the y coordinate with the other two
scanners fixed. This procedure has a net advantage in com-
parison with the A-scan-based B-scan procedure, as it allows
production of OCT transverse (or 2-D en-face) images for a
fixed reference path, images called C-scans.'” In this way, the
system can be easily switched from B- to C-scan, a procedure
incompatible with A-scan-based OCT imaging.

2.3 (C-Scan

C-scans are made from many T-scans along either x or y,
repeated for different values of the other transverse coordi-
nate, y, x, respectively, in the transverse plane. The repetition
of T-scans along the other transverse coordinate is performed
at a slower rate than that of the T-scans, which determines the
frame rate. In this way, a complete raster is generated. Differ-
ent transversal slices are collected for different depths z, either
by advancing the optical path difference in the OCT in steps
after each complete transverse (xy) scan, or continuously at a
much slower speed than the frame rate. Depth scanning is the
slowest in this case.”>**

2.4 Experimental Configuration

Two en-face OCT systems have been used. Both use similar
pigtailed superluminescent diodes (SLD) emitting at 1300 nm
and having spectral bandwidths of 65 nm, which determine
an OCT longitudinal resolution of around 17.3 wm in tissue.
The first OCT system performs OCT only, equipped with a
low numerical aperture (NA) interface optics, which allows
1-cm lateral image size. The second system uses a higher NA
interface optics with a maximum 1-mm image size. In addi-
tion, the second system is equipped with a confocal channel at
970 nm. The configuration of the second system, as shown in
Fig. 1, uses two single mode directional couplers. Light from
the SLD source is injected into the system via a first direc-
tional coupler, which splits the light toward the two arms of
the interferometer, the probing and reference arms respec-
tively. The probing beam is reflected by the dichroic beam-
splitter BS1 and then sent via the galvanometer scanners SX
and SY to the sample. BS1 is a hot mirror that reflects light of
wavelengths longer than 1 um. Two telescopes incorporated
between these elements conveniently alter the diameter of the
beam to match the aperture of different elements in the prob-
ing path and convey a probing beam of around 8 mm in di-
ameter through the microscope objective (MO) pupil plane.
The two transverse scanners SX and SY are separated here
using telescopes to project a flat wavefront on the target under
high NA. Lenses L1, L2, and L4 have focal lengths of 7.5 c¢m,
while lens L3 has a focal length of 3 cm. The MO is a scan
lens (focal length 1.8 cm) specially designed by ThorLabs to

September/October 2008 + Vol. 13(5)



Sinescu et al.: Quality assessment of dental treatments using en-face...

BS2

BS‘I/

SXN

generator

sample

Fig. 1 En-face OCT at 1300 nm/confocal at 970 nm system. SLD
=superluminescent diodes. SX, SY: X and Y scanners. APD: avalanche
photodiode. L1, L2, L3, L4: lenses. MO1-5: microscope objectives.
PD1, 2: pin photodetectors. BS1: dichroic beamsplitter. BS2: beam-
splitter (20/80). LPF: low pass filter. PM: polarization controller. TS:
translation stage.

prevent image degradation and distortion during scanning.
Hence, a lateral resolution of around 2 wm in the confocal
channel and better than 5 wm in the OCT channel is obtained.
Light backscattered by the sample passes a second time
through the object arm and is guided via the first directional
coupler toward the second single mode directional coupler,
where it interferes with that coming from the reference arm.
Both output fibers from the second coupler are connected to
two pin photodetectors, PD1 and PD2, in a balanced photo-
detection unit constructed using a differential amplifier (DA).
The OCT signal is rectified and low pass filtered in the de-
modulator (DMOD).

The confocal channel operates at a different wavelength
than that of the OCT, to allow the utilization of a high gain
silicon avalanche photodiode (APD). Light from a superlu-
minscent diode at 970 nm is collimated by a microscope ob-
jective MO4 and reflected by a splitter BS2 (20% reflection)
toward BS1. Light at 970 nm is transmitted via BS1 and BS2
toward the APD. The photodetected signal is amplified and
low pass filtered in LPF. A computer-driven translation stage
(TS) is used to alter the reference path length to acquire
C-scan image frames from different depths and provide depth
scanning in the B-scan regime.

The scanning procedure is similar to that used in any con-
focal microscope, where the fast scanning is en face (line rate,
using the scanner SX) and the frame scanning is much slower
(at the frame rate, using the scanner SY).” The frame grabber
in Fig. 1 is controlled by signals from the generators driving
the X scanner and the Y scanner. The SX galvoscanner is
driven with a ramp at 500 Hz and the SY galvoscanner with a
ramp at 2 Hz. In this way, an en-face image, in the plane
(x,y) is generated at constant depth. The next en-face image
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at a new depth is then generated by moving the translation
stage (TS) in the reference arm of the interferometer and re-
peating the (x,y) scan. Ideally, the depth interval between
successive frames should be much smaller than the system
resolution in depth, and the depth change is applied only after
the entire en-face image has been collected. However, in prac-
tice, to speed up the acquisition, the translation stage was
moved continuously.

To construct B-scan images, no signal is applied to the
frame scanner, the line scanner is driven with the same signal
as in the C-scanning regime, and the translation stage (TS) is
moved along the optical axis of the reference beam. In this
case, the frame grabber is controlled by signals from the gen-
erator driving the SX-scanner (or the SY-scanner) with a ramp
at 500 Hz, and TS is moved over the depth range required in
0.5 s. In this case, an OCT cross section image is produced
either in the plane (x,z) or (y,z).

In the images presented next, no other phase modulation
was employed apart from that introduced by the galvanometer
scanner”®?’ determining the line in the raster.

The other system contains an OCT channel only, employ-
ing a two coupler configuration similar to that in Fig. 1, with
the difference that the X and Y scanners are grouped spatially.
Only one lens of focal length 4 cm is used between the XY
scanner head and the sample, allowing a larger lateral size
image. Consequently, the transversal resolution is reduced to
15 pm. The X and Y scanners are similar and driven at the
same line rate (500 Hz) and frame rate (2 Hz) as in the pre-
vious system.

Both systems can be sequentially switched between the
en-face regime and the cross section regime. In this way, im-
ages with different orientations can be obtained using the
same system.

2.5 Study Groups

In this study we investigated dental prostheses (group 1) and
teeth with various treatment methods (group 2) used in
dentistry.

Group 1 included several types of prostheses, such as:
metal-ceramic fixed partial prostheses, metal-ceramic crowns,
metal-polymer fixed partial prostheses, metal-polymer
crowns, polymer and all-ceramic fixed partial prostheses, and
complete dentures. The main goal in imaging this group was
to detect the presence or absence of material defects and mi-
croleakage at the prosthetic interfaces.

Group 2 was composed from teeth with several treatment
methods. For this group, the main goal was to investigate the
quality of the endodontic treatment, enamel conditioning, and
coronal filling. After extraction, the teeth were stored for no
longer than 48 h in saline solution until sample preparation.
The debris and calculus were removed using an ultrasonic
scaler. Then, the teeth were carefully cleaned with pumice and
rotary brushes. To avoid creating differences among the
samples, the brushes were replaced after every fifth tooth.
Then, the samples were used for cavity preparation, root canal
treatment and filling, and for the subsequent application of
orthodontic brackets, as follows.

e Class 5 cavities (cavities from the cervical area of the
tooth) were prepared to assess the material defects and mi-
croleakage at the tooth-filling interfaces. Then the cavities
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(@ (b)

Fig. 2 (a) Metal-ceramic fixed partial prosthesis. (b) C-scan OCT im-
age matching the depth of the defect at b approx 0.2 mm measured in
air from the top, lateral size 9.5X 9.5 mm. The image shows the in-
terface between pillar crown (part a) and pontic (part c) in a metal-
ceramic fixed partial prosthesis. The defect inside the ceramic layers is
in the center of the circle at b.

were filled with composite resin. The composite restorations
were finished and polished using a fine grit diamond bur and
Kerr-Hawe polishing disks.

» Single rooted teeth only with one straight root canal
were used for the assessment of the presence or absence of
apical microleakage (gaps between the root canal wall, root
canal sealer, and gutapercha cones). The root canals were pre-
pared mechanically and filled with endodontic sealer and
gutapercha cones.

e For the evaluation of the orthodontic attachment mi-
croleakage at the interfaces, the teeth were conditioned in
order to receive orthodontic appliances.

3 Results

All depths in the C- and B-scan images presented next are
measured in air, as determined by the axial translation of the
translation stage. To infer the depth in the sample, the distance
in air should be divided by its index of refraction. This varies
depending on the material investigated; however, a rough ap-
proximation in the dental tissue® can be obtained by dividing
the distances quoted in air by 1.4.

3.1 Group 1

Material defects and aeric inclusions were identified as dis-
played in Figs. 2-4. In Fig. 5, the defect occurred due to the
inadequate marginal adaptation of a metal-polymer crown to
the supporting pillar.

Figure 2 refers to a case of a three unit metal-ceramic fixed
partial prosthesis. OCT allows identification of a material de-
fect inside the ceramic layers between the pillar crown and the
pontic. The size of the defect is in the range of submillimeter
and is wholly included in the ceramic. These particularities
make such defects undetectable by any other noninvasive
technique. The defect may lead to fracture of the ceramic
component under usual masticatory forces.

Figure 3 shows a case of a metal-polymer fixed partial
prosthesis with an aeric inclusion at the metal-polymer junc-
tion. We have noticed that, in general, defects in polymers
were much larger than defects observed in ceramics. This is
the case in Figs. 3(b) (C-scan) and 3(c) (B-scan), where the
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(@) (b)

Fig. 3 (a) Metal-polymer fixed partial prosthesis in front of the scan-
ning head. (b) C-scan OCT image. Part a shows approximately
0.5 mm depth measured in air from the top of the polymer; part b
shows aeric inclusion at the metal-polymer junction. (c) B-scan OCT
image that displays the cross section through the defect, with a depth
of 1.8 mm measured in air along the vertical axis. 4 X4 mm lateral
size in both (b) and (c).

size is larger than 1.5 mm. The two images complement each
other and provide more complete information than a single
C-scan or B-scan image.

Since the surface of the sample will not generally be ex-
actly perpendicular to the optical axis, B-scans will some-
times exhibit structure more commonly associated with
C-scans and vice versa (effectively, there is a “tilt” in the
image). Having access to both types of scans in realtime al-
lows a clinician or dental technician to visualize such effects
conveniently and without recourse to time-consuming 3-D re-
constructions.

For a different metal-polymer crown, Fig. 5 shows C-scan
images from an incorrect marginal fit of the crown on the
abutment tooth, resulting in a space in the cervical area be-
tween the crown and the tooth with the luting cement, as
indicated by part b. The image in Fig. 5 R presents a zoom
into the area encircled in the bottom of Fig. 5(a).

Two esthetic fixed partial prostheses without metal frames
are presented in Fig. 4. Voids are distinguished within the
material volume; these are not detectable with any other
known noninvasive technique. Their presence could lead to
major fractures of prostheses, a problem analyzed in a re-
cently published report.®® Figures 4(a) and 4(b) refer to the

Fig. 4 C-scan OCT images from esthetic fixed partial prostheses. (a)
and (b) refer to the same polymer prosthesis; images are acquired
from different depths and with different lateral size. (a) 140 um from
the top measured in air, with a void well defined inside the material;
(b) Zoom image (4 X4-mm lateral size) and deeper than in (a) by
100 um. (c) All ceramic crown (pressed ceramic technology). Part a:
crown and part b: defect inside the ceramic layers at approximately
600 um depth measured in air.
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(a) (b)

Fig. 5 C-scan images from a metal-polymer veneer crown at two mag-
nifications, showing an incorrect marginal fit. Lateral size: (a) 9.5
X 9.5 mm; (b) 4 X4 mm. The image in (b) is the magnification of the
area in the bottom of the image (a). Part a shows the metal-polymer
crown; part b the empty space between the crown and the pilar tooth;
part ¢ the luting cement; and part d the pillar tooth.

same polymer prosthesis, while Fig. 4(c) shows an en-face
slice from an all-ceramic crown at proximal incidence. These
esthetic restorations are more expensive than those with metal
frames, and this reason alone enhances the need for a tool
such as OCT to avoid the high repair costs incurred by patient
and practitioner. In fact, these cannot be repaired and their
replacement is the only solution.

3.2 Group 2

For the second group, teeth with several treatment methods
are imaged to assess the material defects and microleakage at
the tooth-filling interfaces, the presence or absence of apical
microleakage and the quality of bracket bonding on dental
hard tissue.

Figure 6(b) shows an en-face OCT image from a tooth
with a class 5 cavity filled with diacrylic composite resin [Fig.
6(a)]. The main goals of testing such samples are to evaluate
the structural integrity of the filling and the possible coronal

(@) (b)

Fig. 6 (a) Tooth with a class 5 cavity filled with diacrylic composite
resin in front of the OCT head. (b) 4 X 4-mm lateral size, slice from a
depth of 500 um measured in air. Part a: gaps trapped inside the
filling material; part b : coronal microleakage on the border of the
resin filling; part c: composite resin filling; and part d: tooth.
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Fig. 7 (a) Schematic representation of tooth with the root canal filling
(monoradicular tooth with endodontic treatment). (b) OCT C-scan
image of root canal apical microleakage from a depth of 95 um mea-
sured in air; lateral image size 4 X4 mm. Part a: gutapercha cone, part
b: microleakage space; part ¢ : root canal sealer; and part d: root
canal walls.

marginal microleakage. In some cases we found gaps inside
the diacrylic composite resin and coronal marginal microleak-
age of various dimensions and located at different levels.

The quality of the endodontic treatment and root canal
filling, represented schematically in Fig. 7(a) was assessed
using both systems. Apical microleakage areas were detected
between the gutapercha cones, root canal walls, and the seal-
ing material [Fig. 7(b)].

For better assessment of the quality of the endodontic
treatment, the second system was used, which provides dual
imaging, OCT/CM, and magnified view. The confocal image
aids guidance and allows focus adjustment to the OCT inves-
tigation. Figure 8(a) shows the sample in front of the micro-
scope objective in Fig. 1. Pairs of en-face OCT/confocal im-
ages are shown in Figs. 8(b) and 8(c). 3-D reconstructions
were performed using dedicated computer software, as shown
in Fig. 9.

Orthodontic attachments bonding strength cannot be mea-
sured with OCT; however, by identifying and visualizing the
voids in the composite, the quality of the restoration can be
estimated. OCT investigation provides information on the mi-
croleakage of the bracket’s bonding—several gaps are seen

Fig. 8 Investigation of the same root canal filling in Fig. 7, using the
second system (the dual en-face OCT/CM). (a) Photograph of tooth in
front of the scanning head; (b) and (c) show pairs of confocal images
(bottom) and en-face OCT images (top). In (c), the image in the OCT
channel is deeper by 50 um than in (b). Lateral image size in both the
OCT and confocal images is 1 X1 mm.
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Fig. 9 3-D imaging of a root canal microleakage, inspected laterally,
obtained from 39 pairs of OCT C-scan/CM images of 1 X 1-mm lateral
image size acquired at a 10-um differential depth measured in air.
Front: OCT image. Back: CM image. Part a: root canal sealer; and part
b: microleakage space.

along the bracket base [Fig. 10(a)]. Also, a lack of adhesive
material on the side of the bracket [Fig. 10(b)] is identified.

4 Discussions

OCT allows better characterization of dental prostheses. First,
the detection of substance defects within the ceramic layers
for metal-ceramic prostheses was demonstrated (Fig. 2). The
detected defects have a large volume and therefore there is a
high likelihood for fracture lines to be generated in the proxi-
mal area (Fig. 2). If the detection of such defects is feasible
before inserting the prosthesis into the oral cavity, then timely
corrective measures are possible to avoid the fracture of the
ceramic component later on.

The images collected demonstrate that OCT can act as a
valuable tool in imaging material defects in the metal-polymer
fixed partial prostheses (Fig. 3). The volume gaps noted

() (b)

Fig. 10 (a) C-scan image of an adhesive bracket bonded on a vesti-
bular maxillary premolar area. Part a: ceramic bracket; part b: gap
trapped inside the adhesive resin between the bracket and the tooth;
part c: adhesive resin layer; and part d: buccal area of the maxillary
premolar. Depth measured in air: 60 um. Lateral size: 4 X4 mm, (b)
Adhesive bracket bonded on a vestibular maxillary premolar area.
Part a: ceramic bracket; part b: lack of adhesive layer material in a
large area between the bracket and the tooth; part c: adhesive resin
layer; and part d: the vestibular area of the maxillary premolar. Depth
from top, 160 wm measured in air. Lateral size: 4 X4 mm.
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within the polymers [Figs. 3(b) and 3(c), and Fig. 4(a)] are
larger than those within the ceramics [Figs. 2(b) and 4(b)]
which may possibly result in the fracture of the esthetic com-
ponent of the prostheses. The repair procedures may lead of-
ten to the necessity of replacing the prostheses with new ones.
Careful investigation of the metal-polymer prostheses accom-
panied by detection of the risk areas will allow corrective
measures to reduce the likelihood of fractures of the polymer
component.

Marginal adaptation of fixed partial prostheses still repre-
sents a challenge for both the dentist and technician. Gener-
ally, any technical laboratory is equipped with optical tools
like microscopes that allow inspection of such areas. How-
ever, they cannot detect subtle structural effects due to stress.
Therefore, there is a need for a better method to investigate
the tooth-prosthesis interface. Ignoring this procedure may
lead to the initiation of secondary caries of the abutments,
washing of the luting cements, and major sensitivity of vital
abutments to thermal and chemical stimuli. Such an investi-
gation is hard to perform visually, mostly in the case of all-
polymer or all-ceramic systems. It is practically impossible to
investigate visually the cervical adaptation of the prostheses
to the terminal area of the abutment. The OCT technique is
suitable for the evaluation of the tooth-prosthesis interface
before and after cementation (Fig. 5). In Fig. 5, the metal
framework is well seen, as shown by the bright continuous
border. Here the imaging proceeded en face, from cervical to
the incisor (in opposition to Ref. 7), where the OCT image
was perpendicular to the vestibular plane.

All ceramic restorations have recently entered the field of
prosthodontics, offering improvements in esthetics. Early de-
tection of substance defects within their layers [Fig. 4(c)] al-
lows for optimal corrections before the restorations are in-
serted into the oral cavity. This will make their resistance to
masticatory stress more reliable and will lead to a reduction in
the number of fractures. For instance, Fig. 4(c) shows that the
defect is situated in the superficial cervical area, in the maxi-
mum tension area recorded during mastication with high risks
of fracture at this level.

For Group 2 samples, en-face OCT images have been gen-
erated from a depth of up to 1.5 mm. Cavities filled with
composite resin have been imaged, showing voids within the
restorative material. These may occur due to inadequate con-
densation. Also, gaps were visible at the tooth-restorative ma-
terial interface, which are expected to reduce the time resis-
tance of the filling and increase the risk of secondary caries
occurrence. In Fig. 6, the interface between the dental struc-
ture and the filling composite resin is well distinguished. We
can also make difference between the granular structure of the
composite resin and the dental tissue (c and d within Fig. 6).
Because the interface is well seen, we can also visualize any
defects that might exit here or extend inside the material. In
addition, in the inferior part of the composite filling (part ¢ in
Fig. 6), we can distinguish an interface with good contrast due
to demineralization."" Thus, the OCT method presents poten-
tial for real time in-vivo investigation of the restorative
treatments.

The apical filling of the root canal is considered to be the
most microleakage-susceptible area of the root canal filling
(Fig. 7). Figures 8 and 9 present dual en-face OCT/CM im-
ages of a root canal filling of a monoradicular tooth with
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endodontic treatment. Gaps between the root canal walls and
gutapercha cone on one hand and root canal walls and root
canal sealer on the other hand are observed. To assess the root
canal microleakage, it is necessary to understand the 3-D as-
pect of the root canal filling. Software visualization allows
3-D reconstruction of the apical area (Fig. 9). The 3-D soft-
ware can be used for frontal, sagital, and axial analysis of the
samples.

For best stability of orthodontic appliances, ideally the
resin shape should match the tooth shape. OCT can identify
mismatches of the resin and the tooth shape. Voids may occur
due to contraction caused by the curing process, or due to an
inadequate application of the composite resin. OCT has the
potential for both investigating the bracket bonding technique
and for assessing the material defects inside the used compos-
ite resin. The images presented demonstrate the ability of the
en-face OCT technique in detecting such voids [Figs. 10(a)
and 10(b)]. Although this work refers to an in-vifro investiga-
tion, we believe that tooth-bracket interfaces could also be
imaged in vivo.

5 Comments on the Technology

Currently, the most wide-spread OCT imaging technology is
A-scan based. This has known significant advances recently
due to the progress in spectral OCT, due to its better
sensitivity29 than its time domain counterpart, which allows
faster data acquisition.

However, one of the main disadvantages of spectral OCT
is the need to operate under fixed focus. This limits the imag-
ing to low numerical aperture, which consequently determines
low transversal resolution. A-scan-based OCT technology,
such as spectral OCT, offers the user images with a single
orientation in real time, B-scan. As another disadvantage,
these cannot directly be put in correspondence with micros-
copy images (which have an en-face orientation).

The limitations of A- and B-scan OCT technology men-
tioned have led us to the construction of en-face OCT imaging
systems. For applications such as that described here, time
domain en-face OCT appears better suited for three reasons:
1. versatile orientation as mentioned; 2. focus control and dy-
namic focus, although not documented here, is currently
implemented on system 2; and 3. an easier comparison with
microscopy images.

The en-face OCT offers the user the possibility of rapidly
acquiring sequential B- and C-scans by switching the instru-
ment between the two regimes. The en-face scans provide an
instant comparison to the familiar sight provided by direct
view or by a conventional microscope. Features seen with the
naked eye can easily be compared with features hidden in
depth. Sequential and rapid switching between the en-face
regime and the cross section regime, specific for the en-face
OCT systems, represent a significant advantage in noninva-
sive imaging, as images with different orientations can be
obtained using the same system.

This flexibility to obtain images in orthogonal planes in
realtime is an advantage that is not present in even the fastest
spectral systems.30 The spectral OCT method, although gen-
erating faster B-scans than time domain OCT systems (such
as the en-face OCT presented here), still requires significantly
longer acquisition and processing time to generate a C-scan
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image.3 ! This process requires the collection of the whole
volume of the sample, processing the data to produce a 3-D
volume, and then interpolation of the data volume to select a
C-scan orientated cut. Even the fastest research systems re-
quire at least a second.*® To achieve 3-D reconstructions in a
matter of seconds, transversal resolution is always compro-
mised, which leads to lower transversal resolution in the
en-face software reconstructed image.

In the current implementation, our frame rate is 2 Hz, i.e.,
a C-scan is produced in 0.5 s, in real time, which is less than
any value reported by using spectral OCT to infer a C-scan by
software means. In addition, by using resonant scanners™ in-
stead of the galvoscanners employed here, video rates become
possible in en-face OCT as well. As a supplementary advan-
tage, the transversal resolution is the same in both B- and
C-scans. This is determined by the number of pixels in the
T-scans, which are used to assemble B- and C-scans.

In our system, acquisition rates for both C and B-scans are
the same, and the switching between one regime and the other
requires the press of a keyboard key only.

6 Conclusions

The capability of en-face OCT imaging technology is as-
sessed in: 1. providing early diagnosis of dental hard tissue,
and 2. identifying material defects of dental prostheses and
microleakages at prosthetic interfaces. Several types of dental
treatments are evaluated, and the OCT imaging technique is
applied to dental hard tissue, restorative materials, and to their
interfaces and dental prostheses.

This is a preliminary in vitro study regarding the applica-
tion of OCT in dentistry, generally and particularly in prosth-
odontics, conservative dentistry, endodontics, and orthodon-
tics. Further in-vivo studies are necessary to extend the en-
fJace OCT applications to other fields of dentistry, such as
in-vivo imaging of hard and soft tissue.

We illustrate the applicability of the en-face OCT technol-
ogy in imaging dental constructs, providing: 1. a differently
oriented image than in the A-scan-based OCT reports; 2.
choice of image orientation in rectangular planes; and 3. com-
bination of the en-face OCT with confocal microscopy in one
instrument for better guidance of the investigation.
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