
N
o

L
K
D
P
S

A
U
C
G
R

B
U
D
R

S
K
D
P
S

S

S

A
U
C
G

D
R

W
A
E
S

1
N
l
e
t
t
n
i
t
t
w

A
o
8

Journal of Biomedical Optics 15�3�, 036001 �May/June 2010�

J

ear-infrared transillumination of teeth: measurement
f a system performance

ena Karlsson
arolinska Institutet
epartment of Dental Medicine

.O. Box 4064
E-141 04 Huddinge, Sweden

na M. A. Maia
niversidade Federal of Pernambuco
enter for Health Science
raduate Program in Odontology
ecife, Brazil

ernardo B. C. Kyotoku
niversidade Federal of Pernambuco
epartment of Physics
ecife, 50670-910 Brazil

ofia Tranæus
arolinska Institutet
epartment of Dental Medicine

.O. Box 4064
E-141 04 Huddinge, Sweden

and
wedish Council on Technology Assessment

in Health Care
tockholm, Sweden

nderson S. L. Gomes
niversidade Federal of Pernambuco
enter for Health Science
raduate Program in Odontology

and
epartment of Physics
ecife, 50670 Brazil

alter Margulis
creo AB
lectrum 236
tockholm, 16440 Sweden

Abstract. Transillumination �TI� of dental enamel with near-infrared
light is a promising nonionizing imaging method for detection of early
caries lesion. Increased mineral loss �caries lesion� leads to increased
scattering and absorption. Caries thus appear as dark regions because
less light reaches the detector. The aim of this work was to character-
ize the performance of a TI system from the resolution of acquired
images using the modulation transfer function at two wavelengths,
1.28 and 1.4 �m. Test charts with various values of spatial periods,
mimicking a perfect caries lesion, were attached to tooth sections,
followed by capture of the transmitted image, using both wavelengths.
The sections were then consecutively reduced in thickness, and a
sequence of all sizes of the test charts were used for repeatedly imag-
ing procedures. The results show that the TI system can detect feature
size of 250 �m with 30% modulation. From the information about
how the image degrades as it propagates through enamel, we also
examined the possibility of estimating the position of a simulated ap-
proximal caries lesion by comparing images obtained from the two
sides of a tooth section. © 2010 Society of Photo-Optical Instrumentation Engineers.
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Introduction
ew diagnostic methods for detection of early dental caries

esions have emerged during the last decades, each with ben-
fits and limitations.1–7 One novel and promising method is
he use of near-infrared �NIR� wavelengths for transillumina-
ion �TI� of dental enamel. The TI method is an imaging tech-
ique based on transmission of light through the tooth under
nspection and makes it possible to visually discriminate be-
ween intact and enamel caries tissue. The image can be cap-
ured, saved, and stored in digital format. Early caries imaging
ith NIR light at 1310 nm has demonstrated considerable

ddress all correspondence to: Lena Karlsson, Karolinska Institutet, Department
f Dental Medicine, Box 4064, SE-141 04 Huddinge, Sweden; Tel: 46-8-524-
82 57; Fax: 46-8-711-83-43; E-mail: lena.karlsson@ki.se
ournal of Biomedical Optics 036001-
potential because enamel tissue is highly transparent in this
region of the electromagnetic spectrum.8–11 The method is
nondestructive, nonionizing, and reportedly more sensitive to
early demineralization than dental x-rays.8 The use of dental
radiography should always be limited, even though it is the
most often employed concept of routine examination. In con-
trast, the TI method offers the advantage of allowing for re-
peated projection on occlusal and approximal surfaces,9,10 sur-
faces where the majority of caries lesion appears.12,13 Besides,
the TI image is presented as a visually recognizable image,
which is preferred by the average clinician. Figure 1 illus-
trates the typical experimental setup of a TI system with a
NIR light source, an imaging camera such as a charge-
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oupled device �CCD�, and software for computer-controlled
cquisition.

Optical caries detection methods are based on light that
hines on a tooth. They are hindered by absorption, where
hotons are lost to the material, and scattering, where the
irection of photons is changed without loss of energy. Scat-
ering is the dominating process, both in enamel and dentine,
nd is highly wavelength sensitive, shorter wavelengths scat-
ering more than longer ones. Fried et al.,14 demonstrated that
ental enamel is highly transparent when illuminated with
IR light, while dentine scatters strongly in the visible and
IR region. This implies that the TI technique is appropriate

o study caries lesions in enamel and less so in dentine.
Methods employing wavelengths in the visible range of the

lectromagnetic spectra �400–700 nm�, such as laser-induced
uorescence15 ��=655 nm� and digital imaging fiber-optic

ransillumination,16 which uses high intensity white light, are
imited by strong scattering in sound enamel. The quantitative
ight-induced fluorescence method17 also employs wave-
engths in the visible spectra ���520 nm�. The method’s di-
gnostic capacity is based on scattering and loss of natural
uorescence of the tooth. The light scattering in the lesion
cts as a barrier for excitation light to reach the underlying
entine, and as a barrier for fluorescence light from the layers
elow the lesion to reach the tooth surface. The method is
herefore limited to the assessment of incipient caries lesions.

Methods that use longer wavelengths, such as in the NIR
pectra �780–1550 nm�, can penetrate the tissue more
eeply. This deeper penetration is crucial for TI. The identifi-
ation of dental caries with the TI method is based on the fact
hat increased mineral loss in enamel lesion leads to a two
rders of magnitude increase in scattering coefficient at
.3 �m wavelength.8,18 Caries thus appear as dark regions on
he image because less light reaches the detector.

In order to quantify TI as an imaging technique one can
etermine the spatial resolution that can be attained. Spatial
esolution refers to the minimum distance between distin-
uishable objects in an image, for example, clearly defining
he extent or shape of features such as caries tissue in com-
arison to surrounding healthy tissue. As Hall and Girkin2

ointed out, a deeper light penetration into the tooth associ-
ted to longer wavelengths is in principle also coupled to a
ecreased ability to spatially resolve small details. However,
he limit imposed on the spatial resolution by the wavelength
mployed is not a decisive factor in TI measurements. Any
avelength from the ultraviolet to the NIR is sufficiently

hort to resolve the smallest caries lesions of interest. There-
ore, the limit imposed on the spatial resolution by the wave-
ength employed in TI measurements is determined by scat-

Polarizer

Tooth spec

NIR

ig. 1 Experimental setup of the transillumination system. The enam
ransmitted images were captured by a CCD detector.
ournal of Biomedical Optics 036001-
tering and absorption. Fried et al.,14 reported that wavelengths
in the NIR region offer the greatest potential due to the weak
scattering and absorption in dental hard tissue. Most of this
previous work was carried out at 1.3 �m wavelength, where
low-cost light sources are available. Thus, the wavelengths of
choice in the present work were 1.28 and 1.4 �m. The latter
wavelength is chosen in the hope that the increased absorption
of water in demineralized tissue could increase the contrast of
caries images.

For the implementation of the TI technique in a clinical
environment, it is important to be able to quantify the spatial
resolution and in this way determine how small a detectable
caries lesion can be. We implemented a procedure to deter-
mine the spatial frequency of the imaging system from traces
obtained by light transmission across intact enamel in vitro.
To this end, rather than working with caries tissue of undeter-
mined contrast, we used artificial patterns recorded on masks.
The periodic patterns had a known number of line pairs per
millimeter �LP/mm�, where a line pair consisted of an absorb-
ing line and an adjacent lucent space. The spatially periodic
patterns were projected on the surface of intact teeth of vari-
ous thicknesses, resulting in a distribution of shallow regions
that were entirely dark, mimicking an array of “perfect” shal-
low caries lesions. This known input image then passed
through the enamel tissue to the detector and the contrast of
the recorded image was used for the measurement of the res-
olution of the system. Because highly subjective perception
and judgment is involved when estimating the contrast, the
quality of the imaging system can instead be characterized by
the entire modulation transfer function �MTF�.19,20 MTF is the
function that describes the modulation at a given spatial fre-
quency. Imaging systems reproduce high spatial frequency
signals with worse contrast than low spatial frequency, and
consequently their MTFs decrease with increasing spatial fre-
quency.

The importance of the location of the caries lesion and
how the resolution differs when the resultant image has to
traverse a thick part versus a thinner part of the tooth to reach
the detector is also of interest. Dental radiographs lack suffi-
cient ability for early caries detection.1,21,22 An initial caries
lesion may be missed or be underestimated in size in radio-
graphs due to low attenuation of radiation in lesion, particular
physical properties of the tooth structure, and imperfect tech-
nique �such as overlapping�. The TI method offers the advan-
tage of allowing repeated projection to overcome some of
these limitations. In this paper, a tooth section with artificial
enamel caries was illuminated from both sides with NIR light
followed by detection of the transmitted image. In this way,
the contrast of the signal generated by a single lesion located

Polarizer

LensLens

CCD

eeth sections of various thicknesses was illuminated with NIR. The
imen
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ear the tooth surface facing the CCD camera could be com-
ared to that recorded when the CCD camera was placed on
he opposite side of the tooth. Thus, the same caries generated
wo images, one acquired through a thinner enamel layer �car-
es near CCD� and one through a thicker layer �caries far from
CD�. The sample thickness was then reduced consecutively
n one side, and the image capturing procedure was repeated
or each thickness. This exploits the advantage of TI over
-rays of allowing performing these two measurements to es-
imate where the caries is located on the approximal surface,
ecause for uniform enamel if the caries is equidistant from
he buccal and from the lingual tooth surfaces, respectively,
he resolution is expected to be equal.

Thus, the aim of this paper was to characterize the perfor-
ance of a TI system for the study of enamel caries lesions

sing two wavelengths in the NIR spectrum, 1.28 and
.4 �m, and determine the resolution attainable from the
TF of the system at these wavelengths. Furthermore, we

xamined the possibility of estimating the enamel caries po-
ition by comparing images obtained from the two sides of a
ooth section.

Material and Methods
.1 Ethical Considerations
atients at the Federal University of Pernambuco, Department
f Prothest and Surgical Dental Facial undergoing extraction
ere asked for informed consent according to approval from

he Ethical Committee of the University in Recife PE �268/
007�, and teeth were collected and stored in a physiological
aline solution 0.9% to preserve tissue hydration.

.2 Experimental Setup
he laser light from fiber-optics used as the illumination
ource operated at two different wavelengths: 1.4 �m �Ra-
an Fiber Laser, Key Optical System, China� with a maxi-
um available output power of 50 mW and a bandwidth of

.57 or 1.28 �m �super luminescent diode SLD-571, SUPER-
UM, Moscow, Russia� with a maximum available output
ower of 5 mW and a bandwidth of 65 nm. The laser beam
mpinged on a 10� objective and produced a diverging beam
f light that illuminated the tooth section. The tooth to camera
istance was 15.2 cm and the total image exposure time was
30 s. The readout noise of the imaging background was

ontrolled by adjusting the polarizers from parallel to perpen-
icular to each other. The detector was adjusted to limit the
egree of saturation and to provide adequate contrast to the

Test chart

Polarizer

Tooth spec

NIR

ig. 2 Illustration of an image sequence for the determination of spat
f line pairs per millimeter �i.e., black and white bars� were projected
maged twice, with the test chart positioned horizontally and vertical
ournal of Biomedical Optics 036001-
captured images. The detector was a CCD camera with spec-
tral response characteristic 0.4 to 2 �m �MicronViewer
7290A, Electrophysics, Fairfield, New Jersey� but, because of
the wavelength dependence of the quantum efficiency of the
CCD camera, the intensity used at 1.4 �m was slightly higher
than at 1.3 �m. The 32-bit digital images were captured us-
ing the software program Spiricon Laser Beam Diagnostics
�LBA-PC, Version 2.5, Ophir-Spiricon Inc., Logan, Utah� and
analyzed with a downloadable image-processing program,
ImageJ �NIH, Bethesda, Maryland�. A diffuser was used in
front of the illuminated teeth, creating a wide distribution of
incidence angles, reducing coherence, and thus reducing the
problem with speckle. The diffuser consisted of a
0.1-mm-thick piece of white Kodak lens cleaning tissue.

2.3 Spatial Resolution
Two intact human third molar teeth were selected for the
study. A buccolingual section, �7 mm thick, was sawn per-
pendicularly to the occlusal surface from each tooth using a
low speed diamond wheel saw �Model 650, South Bay Tech-
nology, San Clemente, California�. Resolution test charts set
by the U.S. Air Force in 1951 �MIL-STD-150A standard�
were produced by the process of photolithograph printed by a
graphic image setter �Imagesetter Mako 56, ECRM, Watford,
UK�. The spatial resolution of the TI system was tested with
this bar test tool �i.e., one dark line and one light space per
period�, also known as LP/mm. Eight test charts with various
values of spatial periods were used: 0.10; 0.15; 0.20; 0.30,
0.40; 0.50; and 0.60 and 0.70 mm. This range was chosen to
simulate early caries lesions and has not been investigated in
detail previously. TI images from the 7-mm section of the
first tooth were obtained using both wavelengths and with a
sequence of all sizes of the charts. The masks were attached
closely to the tooth section and to the surface located closest
to the light source �see Fig. 2�. Each image was captured
twice, once with the chart positioned horizontally and once
with the chart positioned vertically. Imaging of the 7-mm
thick section of the second tooth was performed in the same
way. Both sections were thereafter sawed �Micro Electrical
Motor, Beltec, LB 100 Model, São Paulo, Brazil� consecu-
tively into 6-, 5-, 4-, 3-, 2-, and 1-mm sections and the imag-
ing procedure was repeated for each thickness. Figure 3
shows an example of a 1-mm thick section and corresponding
intensity profile with the 0.2-mm period test pattern �i.e.,
5 LP /mm, which indicates 100-�m-thick features, irradiated
with 1.28 �m�. Two observers calculated the contrast �C� and
spatial frequency �LP/mm� of acquired TI images. This was

Polarizer

LensLens

CCD

lution of the TI system. Resolution test charts with a known numbers
surface of intact teeth of various thicknesses. Each tooth section was
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one by plotting with the image processing program the pro-
le of intensity values along a line set on a designated area in

he enamel region. The modulation �M�, i.e., Michelson con-
rast, was calculated defined as: M = �Imax− Imin� / �Imax+ Imin�,
ith Imax and Imin, representing the highest and lowest mean

ntensity of the peaks. Qualitatively, the modulation and the
ontrast—as defined in the reference by Jones et al.,10 �C
�Imax− Imin� / Imax�—give similar results when the back-
round intensity �Imin� is low. The modulation is half of the
ontrast when the background intensity is large. A modulation
f 1 �100%� means that the noise is negligible, and if the
odulation is 0, no information is available.
After an interval of one week, the same observers repeated

he procedure for assessing the examiner reliability, evaluated
y Lin’s intraclass correlation coefficient �ICC�.23

.4 Location of the Caries Lesion
1-mm-deep cavity was prepared in an intact human molar

ooth to simulate an approximal enamel caries lesion, using a
iamond bur �0.9 mm diam, no. 1011, KG Sorensen, São
aulo, Brazil� �Fig. 4�a��. The excavated cavity was filled
ith calcium hydroxide cavity lining material �Dycal®� and
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ig. 3 �a� Image obtained through a 1-mm section of a molar tooth
ith 0.20-mm period resolution test chart placed vertically illumi-
ated with 1.28-�m wavelength radiation. �b� Line scan of the inten-
ity profile. The black and hatched spots define the values of Imax and
min used for the determination of modulation.

Surface
removed

dentin

enamel

Tooth secti
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Surface
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(a) (b)

ig. 4 Human molar tooth with a simulated enamel caries lesion, here
eft �b� a 6-mm tooth section. First, the NIR light was projected on the
eld constant �0.50 mm� throughout the image-capturing procedure. S
laced on the �c� noncaries side. The tooth section was then subsequen
as repeated from both sides for each thickness.
ournal of Biomedical Optics 036001-
sealed with a thin layer of composite Filtek Z 350, color A2
�3M Espe, São Paulo�. A buccolingual section, �6 mm thick,
was sawn perpendicularly to the occlusal surface using a low
speed diamond wheel saw �model 650, South Bay Technol-
ogy� �Fig. 4�b��. The distance from the outer enamel surface
of the section and to the boundary of the simulated caries
lesion was 0.5-mm thick, called caries side. The simulated
caries lesion was estimated to 0.9 mm, which meant a re-
maining 4.6-mm-thick enamel tissue on the noncaries side
�Fig. 4�c��. TI images were acquired from both sides of the
tooth section using uniform illumination at both wavelengths.
The sample was then reduced consecutively on the noncaries
side by a microelectrical motor �Beltec, LB 100 Model� into
5-, 4-, 3- and 1.8-mm sections. The image-capturing proce-
dure was repeated for each thickness. Here, the modulation
was calculated from M = �Ienamel− Ilesion� / �Ienamel+ Ilesion�,
where Ilesion is the average intensity measured in a lesion and
Ienamel is the average intensity measured at neighboring
healthy tissue. The modulation was determined from both
sides of the tooth section. The center of the 0.9-mm simulated
lesion was used to define the position of the caries. Therefore,
the distance of the center of the lesion to the surface on the
caries side was always 0.95 mm regardless the tooth-section
thickness. Each image was acquired twice, once with and
once without a thin paper diffuser to reduce speckle, at the
expense of intensity loss. Images with less speckle pattern
were chosen for further evaluation.

3 Results
3.1 Spatial Resolution
Two intact molar teeth sections of various thicknesses were
illuminated. Occasional differences were found between the
optical resolution values obtained for the two sections of same
thickness, but no overall trend was found favouring either of
the wavelengths used. The test charts were detectable with
various resolutions when imaged through tooth sections as
thick as 5 mm when illuminated with a 1.28-�m wavelength.

a
sion

dentin

enamel

Caries side
0.50 mm

0.90 mm
Lesion diameter

CCD
NIR source

Non-caries side
4.6 mm

(c)

ted as a filled circle �a�. The two proximal surfaces were sawn off and
ries side with the CCD camera placed on the caries side, which was
, the NIR light was projected on the caries side with the CCD camera
uced on the noncaries side �from 4.6 to 0.4 mm� and image capturing
on with
aries le

illustra
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hen using the longer wavelength transmission, a usable im-
ge was measured in all sections up to 6 mm. It was not
ossible to determine the optical resolution in the 7-mm sec-
ions regardless of the wavelength used here. Figure 5�a�
hows the modulation transfer function against spatial fre-
uency when the shorter wavelength illuminated 1-, 2-, and
-mm thick tooth sections. Figure 5�b� shows the MTFs at
.4-�m wavelength for tooth sections 2-, 3-, and 5-mm thick.
n both these sequences, it is clear that the image degrades as
t traverses thicker layers of enamel, because the modulation
ecreases with thickness. The fitting to a single exponential is
cceptable and is improved with the use of a double exponen-
ial function. No saturation of the modulation is observed,
ven for the widest lines and thinnest tooth sections, the larg-
st values of M always being �0.6. This implies that the
ackground �Imin� is not negligible, even in these cases. The
odulation values for a given spatial frequency and compa-

able tooth thickness is higher for 1.4-�m than for 1.28-�m
avelength illumination. Nevertheless, the difference can be

ttributed to experimental factors, such as the higher illumi-
ation level used to compensate for the spectral response of
he camera. The range of LP/mm that can be distinguished on
he resultant image for a given chosen threshold contrast was
stimated in 1, 2, 3-, and 4-mm sections when illuminated
ith 1.28 �m and is presented in Table 1. The analysis of the

0 1 2 3 4 5 6 7 8 9 10 11
0.0

0.1

0.2

0.3

0.4

0.5

0.6

2 mm
3 mm

1 mm
M

od
ul

at
io

n

Spatial Frequency (LP/mm)

0 1 2 3 4 5 6 7 8 9 10 11
0.0

0.1

0.2

0.3

0.4

0.5

M
od

ul
at

io
n

Spatial Frequency (LP/mm)

3 mm
5 mm

2 mm

(a)

(b)

ig. 5 �a� Modulation transfer function of imaging system for sample 1
t 1.28 �m wavelength. Results for 1-mm �top line�, 2-mm �middle
ine�, and 3-mm �bottom line� thick sections are shown. �b� Modula-
ion transfer function of TI system for sample 2 at 1.40 �m wave-
ength. Results for 2-mm �top line�, 3-mm �middle line� and 5-mm
bottom line� thick sections are shown.
ournal of Biomedical Optics 036001-
optical resolution was undertaken once again one week later,
and the ICC �0.97� revealed excellent examiner reliability.

3.2 Location of the Caries Lesion
The artificial-enamel caries lesion was clearly detectable in all
images obtained in the case of the caries near the CCD, re-
gardless of the sample thickness or used wavelength. In the
case of the caries far from the CCD camera, the modulation
was poorer. Figure 6 illustrates the images of the 6-mm sec-
tion when the lesion was located: Fig. 6�a� near the CCD
camera �clearly seen with large modulation�, and Fig. 6�b� far
from the CCD �almost undetectable�. The modulation was cal-
culated for all thicknesses in the case of the caries far from the
CCD, as illustrated by the squares in Fig. 7. The fitted line is

Table 1 The lowest value obtained of the spatial resolution �in LP/
milimeter� of the TI system measured for tooth sections of thickness
1–4 mm for various threshold values above which the modulation is
considered sufficient for caries detection. The wavelength used was
1.28 �m.

Threshold �%�

Thickness

1 mm 2 mm 3 mm 4 mm

5 10 5

10 6.7 6.7 2.9

15 4 3.3 10

20 3.3 3.3 2.2 6.7

30 2.9 2.2 1.7 4

40 2 1.7 2.9

50 1.7

60 1.7

CCD

Source

CCD

Source

(a)

(b)

Fig. 6 TI images of a single 6-mm sample with an artificial caries
lesion located: �a� closest to the CCD camera and �b� far from the
CCD camera.
May/June 2010 � Vol. 15�3�5
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single exponential. The modulation for the simulated lesion
ocated near the CCD camera is also shown in Fig. 7 and
llustrated by filled circles. Here, the modulation was rela-
ively constant �M =47�6%� for all thicknesses except for
he 1.8-mm-thick section, where a 16% modulation was
ound. As expected and seen in Figs. 6�a� and 6�b�, the modu-
ation recorded is larger when caries is near the CCD camera
han when the caries is on the other side. This is reflected by

large ratio �R� between these two modulation values: R
6 mm�=Mnear�6 mm� /Mfar�6 mm�=16. When the tooth
ection was thinned down to 3 mm and the caries was 2.05
nd 0.95 mm from the faces, respectively, the ratio reduced to
�3 mm�=3, with the modulation taking the values, 0.45 and

.15.
The ratio of modulation as a function of thickness of

namel traversed by the resultant image of the caries lesion on
ts way to the CCD camera is described in Fig. 8. This graph
an be regarded as a measure of the degradation of the modu-
ation as the image of the caries traverses various thicknesses
f healthy tissue. The curve fitted is an exponential �R
0.43e−0.71x, where x is the thickness given in millimeters�.
he ratio of the modulation values expected is equal to 1

0 1 2 3 4 5 6
0.00
0.05
0.10
0.15
0.20
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0.50
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M = 0.42 e-0.494 x

M
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Thickness to CCD surface (mm)

ig. 7 Modulation measured for TI images of an artificial lesion
.95 mm away from the tooth surface for various tooth thicknesses
see schematic in Fig. 4� The circles show the modulation with the
CD camera on the near side of the caries and the squares on the far
ide.
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ig. 8 Ratio between modulation values measured from both sides of
tooth. The distance from the near surface of the tooth to the center of

he artificial caries was 0.95 mm. The square point �red� at ratio 1
hows the value expected when the �far� thickness also is 0.95 mm.
he gray circles give the values M �1 mm� /M �2 mm� and M
1 mm� /M �3 mm� using the curves in Fig. 5�a� at LP/mm. �Color
nline only.�
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when the caries lesion is located at the center of the approxi-
mal surface of the tooth. Here, the artificial caries was drilled
near one surface and, therefore, the caries is at the center only
when the sample becomes thin. The filled square �red� in Fig.
8 illustrates this situation. In spite of the large experimental
error of the reading for the 1.8-mm tooth section, the fitted
curve for R takes value 1 within a small fraction of a milli-
meter from where the two sides are equal. We also plot the
data taken from Fig. 5�a� in the measurement of the MTF of
the system using projected images, for comparison. The
modulation at a chosen spatial frequency �5 LP /mm, i.e.,
100-�m-wide lines� was determined for 1-, 2-, and 3-mm
tooth sections. The ratio between M�1 mm� /M�2 mm� and
M�1 mm� /M�3 mm� is plotted as circles in the same graph
of Fig. 8. The data also show how the image of a 100-�m
feature deteriorates if it has to traverse a thicker layer of
enamel before detection by the CCD. The rapid variation in
the ratio R �from 16 to 1 for only 4 mm� makes the fitted
curve quite forgiving. The location of the caries lesion from
the ratio R between modulation values read from both sides of
the tooth section has an error estimated at �0.5 mm.

4 Discussion
The TI system evaluated in the present study showed that
useful images could be obtained at 1.4 �m wavelength trans-
mitted through enamel in tooth sections as thick as 6 mm, and
the 1.28 �m through sections as thick as 5 mm. This can be
considered equivalent to imaging the contact area of approxi-
mal surfaces on molar and premolar teeth, a curved area with
convex shape and therefore likely to be thinner than 6 mm.
These findings are similar to previous research performed by
Jones et al.,10 where a NIR imaging system operating at
1310 nm was used for detection and imaging of simulated
approximal enamel caries. A clearly demarcated boundary be-
tween the simulated lesions and the surrounding healthy
enamel was shown, and the authors suggested that resolving
caries lesions through 5 mm enamel is clinically feasible.
Bühler et al.9 demonstrated the transparency of occlusal
enamel surfaces, approximated 1–3 mm in thickness, and
showed that the NIR imaging can be used for the detection
and imaging of occlusal caries lesion as well. We found no
overall trend in favor of one of the wavelengths used when
evaluating the optical resolution of acquired images. This in-
dicates that the lower quantum efficiency of the CCD camera
at 1.4 �m is compensated for by the higher optical power
used at this wavelength. All other parameters maintained, the
cheaper light source should be preferred �the LED in the
present case�.

Besides the considerations of cost and safety, acceptance
of transillumination as a clinical technique for early diagnos-
tic of caries should involve demonstrating adequate spatial
resolution �i.e., sensitivity to small-size lesions�. Radiographic
diagnosis of approximal enamel caries has relatively low sen-
sitivity to correctly identifying surfaces damaged by
caries.1,24,25 The nonionizing TI system presented in this paper
shows the ability to detect spatial frequencies of �2 LP /mm
at �30% modulation and �5 LP /mm at �20% modulation.
This indicates that features of 250 and 100 �m, respectively,
can be resolved with relative ease. Caution must be exercised,
though because we use here the “perfect” caries lesion �i.e.,
May/June 2010 � Vol. 15�3�6
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requency charts composed of line pairs of a perfect absorber
nd adjacent lucent space� to estimate the optical resolution of
ur TI system. Although contrast is a highly subjective
valuation,26 it is easier to detect lines of constant frequency
han an irregular object, such as a natural caries lesion. There-
ore, similar studies including teeth with natural caries would
e valuable.

The use of various masks allows estimating the smallest
esion measurable for a given modulation. Besides, it allows
videncing various limitations of the technique that deserve
ttention. Figure 9 shows a picture of a tooth illuminated
hrough a horizontal mask. Interesting features from an opti-
al point-of-view include refraction of light in dentine be-
ause of the tooth curvature and variations in density that lead
o image distortion, shadowing and nonuniform illumination.
otal internal reflection may also cause a dark rim around the

ooth image. Even the spatial period may appear modified.
ome of these features are less severe in the real case as the
aries is in the tooth �and not a projected image�. Neverthe-
ess, care must be exercised and such optical effects taken into
ccount in an all-optical measurement.

In the paper by Jones et al.,10 the image quality was deter-
ined by calculating the intuitive contrast defined as C
�Ienamel− Ilesion� / Ienamel rather than the conventional modula-

ion used here. Note that the modulation always has lower
alues than the contrast: the source within the full system with
he largest blur factor will determine the MTF of the total
ystem.27 In that work, they show good contrast even for a
.75-mm-thick tooth �e.g., C=0.56, which corresponds to

M =0.39�, where the image of the artificial caries situated in
he midsection of the tooth has to traverse �2.9 mm of sound
namel to reach the camera. No apparent monotonic degrada-
ion of the image contrast for thicker samples is observed
rom those results, which are based on the average of a larger
umber of measurements than the results of Figure 8 here.
he difference in the present work may be that the conditions

or image acquisition here were kept as constant as possible
uring the sequence of experiments

It is not possible to compare our spatial resolution results
o those of other TI systems for lack of similar studies. The
iterature is more extensive regarding digital oral radiographic
ystems where spatial frequency is one of the parameters used

Uneven transillumination level

Dark region
due to tooth

curvature

Spatial
distortion of
image due to
non-parallel

tooth surfaces

Change in distance
between lines due to

refraction

ig. 9 Transillumination of tooth with the projection of a known pat-
ern reveals various optical effects that can potentially distort the im-
ge in real caries measurements.
ournal of Biomedical Optics 036001-
to describe image quality. Kashima28 reported that for den-
tistry the minimum spatial frequency for producing diagnos-
tically acceptable intraoral x-ray images was between 2 and
5 LP /mm, depending on radiographic details investigated.
There are studies assessing the diagnostic accuracy of digital
imaging systems for the detection of caries lesions using spa-
tial frequency, and in general, the greater the number of LP/
millimeter the better. These reports cannot be considered as a
comparison of the effect of the diagnostic accuracy, and the
theoretical spatial resolution per se is not related to an im-
proved detection of caries.29 As with all imaging systems,
physical measurements are only part of the evaluation of the
image quality. The efficiency of an imaging system encom-
passes several parameters, such as brightness, contrast, blur,
etc. Images produced by the same signal may have different
visual appearance and characteristics on different display de-
vices. Clearly, this is unwanted in medical applications where
the image and, consequently, the diagnosis, needs to be invari-
able and consistent. In this explorative study, the optical res-
olution of acquired images was estimated using ImageJ and
analyzed on the same computer screen by two examiners,
repeated one week later. Although the in vitro reliability for
the analytical stage was excellent, further studies are required
with several examiners analyzing TI images on several com-
puter screens, evaluating the importance of differences in
sample characteristics and of variation in image capturing
procedure.

An important benefit of the TI method is the possibility to
repeatedly illuminate the tooth without ionizing radiation and
being able to use miniature- or fiber-coupled light sources and
imaging cameras. This should allow in vivo repeatable projec-
tion on the tooth to estimate the location of the caries lesion
on the approximal surface from the ratio between the modu-
lations of images captured from opposite sides of the tooth. In
our in vitro measurements, the estimated error was �0.5 mm
when the caries image traversed �4.6 mm of sound enamel,
potentially corresponding to a total tooth thickness in excess
of 9 mm, Fig. 4. This compares favorably to the DIFOTI
method, which employs wavelengths in the visible range
�400–700 nm� and therefore is highly limited by strong light
scattering, making it difficult imaging through more than 1 or
2 mm of tooth.30

In conclusion, physical measures of an imaging technique
based on transillumination of NIR light for detection of dental
enamel caries have been performed. The optical resolution is
described in terms of the modulation transfer function for
various values of spatial frequency. The results show that the
evaluated TI system can detect a spatial frequency of
2 LP /mm �i.e., a feature size of 250 �m with �30% modu-
lation�. Resolution of 5–10 LP /mm �i.e., features sizes
100–50 �m was obtained with lower value of modulation
�5–10%��. Reduction of the modulation of the image of ap-
proximal caries lesion as it traverses thicker layers of enamel
was used as a tool to determine the relative position of the
caries in relation to the two surfaces of the tooth.
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