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Enamel is highly transparent in the near infrared (NIR); therefore, this
region of the electromagnetic spectrum is ideally suited for the development
of new optical diagnostic tools for the detection and imaging of early dental
caries. This article discusses the NIR optical properties of sound and
demineralized dental enamel and the potential use of polarization sensitive
optical coherence tomography (PS-OCT) and NIR transillumination for the
imaging of dental caries.

New diagnostic tools are needed for the detection and characterization of
caries lesions in the early stages of development [1]. Conventional methods,
that is, visual/tactile and radiographic, have numerous shortcomings
and are inadequate for the detection of the early stages of the caries process
[2–4]. Radiographic methods do not have sufficient sensitivity for early
lesions, particularly occlusal lesions. By the time the occlusal lesions are
radiolucent, they have often progressed well into the dentin at which point
surgical intervention is necessary [4–6]. At that stage in the decay process, it
is too late for preventive and conservative intervention, and a large portion
of carious and healthy tissue will need to be removed, often compromising
the mechanical integrity of the tooth. If left untreated, the decay will
eventually infect the pulp, leading to loss of tooth vitality and possible
extraction. The caries process is potentially preventable and curable. If
carious lesions are detected in the enamel early enough, it is likely that they
can be arrested or reversed by nonsurgical means through fluoride therapy,
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antibacterial therapy, dietary changes, or low-intensity laser irradiation
[1,7]. One cannot overstate the importance of detecting the decay in the early
stage of development at which point noninvasive preventive measures can be
taken to halt further decay.

Accurate determination of the degree of lesion activity and severity is of
paramount importance for effective employment of the treatment strategies
mentioned previously. Because optical diagnostic tools exploit changes in
light scattering in the lesion, they have great potential for diagnosing
whether the caries lesion is active and expanding, or arrested and
remineralizing. Such data are invaluable for caries management by risk
assessment in the patient and for determining the appropriate form of
intervention. A nondestructive quantitative method of monitoring de-
mineralization in vivo with high sensitivity would also be invaluable for use
in short-term clinical trials for various anticaries agents such as new or
modified fluoride dentifrices and antimicrobials. In particular, a method
that could be employed in the relevant high-risk areas of the tooth, such as
pits and fissures, would be universally useful.

Optical transillumination was used extensively before the discovery of
x-rays for detection of dental caries. Over the past two decades, there has
been continued interest in this method, especially with the availability of
high-intensity fiberoptic-based illumination systems for the detection of
interproximal lesions [8–12]. During fiberoptic transillumination (FOTI),
a carious lesion appears dark because of decreased transmission owing to
increased scattering and absorption by the lesion. A digital fiberoptic
transillumination system, the DiFoti device, which uses visible light for the
detection of caries lesions, has been developed recently (Electro-optics
Sciences, Irvington, New York) [13] and received US Food and Drug
Administration (FDA) approval 3 years ago. Because this system operates
in the visible range, the light cannot penetrate far through enamel. NIR light
can penetrate much further through all of the tooth enamel, owing to the
reduced scattering in normal enamel (Fig. 1)

Teeth naturally fluoresce upon irradiation with ultraviolet (UV) and
visible light. Alfano and coworkers [14] and Bjelkhagen and Sundstrom [15]
demonstrated that laser-induced fluorescence of endogenous fluorophores
in human teeth could be used as a basis for discrimination between carious
and sound tissue. Upon illumination with near-UV and visible light and
imaging of the emitted fluorescence in the range of 600 to 700 nm, carious or
demineralized areas appear dark. The origin of the endogenous fluores-
cence in teeth in this particular wavelength range has not been established.
Hafstrom-Bjorkman and coworkers [16] established an experimental
relationship between the loss of fluorescence intensity and the extent of
enamel demineralization. This method was subsequently labeled the QLF
method for quantitative laser fluorescence. An empirical relationship
between overall lesion demineralization (DZ) versus the loss of fluorescence
was established, which can be used to monitor lesion progression on smooth
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surfaces [17–19]. Unfortunately, QLF cannot be readily applied to occlusal
and interproximal lesions that constitute the majority of carious lesions.
Furthermore, the fluorescence method cannot be used to provide in-
formation about the subsurface characteristics of the lesion.

Bacteria produce significant amounts of porphyrins, and dental plaque
fluoresces upon excitation with red light [20]. A novel caries detection
system, the Diagnodent (Kavo, Biberach/Riss, Germany), has also received
FDA approval in the United States. This device uses a diode laser and
a fiberoptic probe designed to detect the NIR fluorescence from porphyrins.
Although this method is a major step toward better caries detection in
occlusal surfaces, the principal limitation of the device is that it detects
lesions in the later stage of development after which the caries has
penetrated into the dentin and accumulated a considerable amount of
bacterial byproducts. Moreover, the Diagnodent has a poor sensitivity
(approximately 0.4) for lesions confined to enamel [21]. Fluorescence
methods cannot provide depth-resolved images of demineralization or lesion
severity [22,23].

OCT is a noninvasive technique for creating cross-sectional images of
internal tissue structures [24]. The intensity of backscattered light is measured
as a function of its axial position in the tissue. Low-coherence interferometry
is used to remove selectively or gate out the component of backscattered
signal that has undergone multiple scattering events, resulting in high-
resolution images (!15 mm). Lateral scanning of the probe beam across the
biologic tissue is then used to generate a two-dimensional intensity plot,
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similar to ultrasound images, called a b-scan. The one-dimensional analogue
of OCT, optical coherence domain reflectometry (OCDR), was first
developed as a high-resolution ranging technique for characterization of
optical components [25,26]. Huang and coworkers [27] combined transverse
scanning with a fiberoptic OCDR system to produce the first OCT cross-
sectional images of biologic microstructure. The first images of the soft- and
hard-tissue structures of the oral cavity were acquired by Colston and
coworkers [28–30]. Baumgartner and coworkers [31–33] presented the first
polarization-resolved images of dental caries; however, the penetration
depth was limited, and the image quality was poor. Feldchtein and col-
leagues [34] presented high-resolution dual-wavelength 830- and 1280-nm
images of dental hard tissues, enamel, and dentin caries and restorations in
vivo. Wang and coworkers [35] measured the birefringence in dentin and
enamel and suggested that the enamel rods acted as waveguides. The
following year, Everett and colleagues [36] in conjunction with the authors
presented polarization-resolved images using a high-power, 1310-nm
broadband source and a bulk optic PS-OCT system. Changes in the mineral
density of tooth enamel were resolvable to depths of 2 to 3 mm into the
tooth. OCT has also been used to look at different restorative materials and
to identify pit and fissure sealants [34,37]. Amaechi and coworkers [38,39]
demonstrated that the loss of penetration depth in OCT images correlated
with QLF measurements of smooth surface artificial caries. Nevertheless,
most early decay is located in the highly irregular occlusal surfaces in which
such methods are difficult to implement, and the authors have demonstrated
that it is necessary to use PS-OCT to quantify lesion severity in topo-
graphical challenging areas such as the occlusal pits and fissures.

Optical properties of dental hard tissue in the visible and near infrared

A fundamental understanding of how NIR light propagates through
sound and carious dental hard tissues is essential for the development of
clinically useful optical diagnostic systems, because image contrast is based
on changes in the optical properties of these tissues on demineralization.
Dental hard-tissue optics is inherently complex owing to the nonhomoge-
neous and anisotropic nature of these biologic materials. The scattering
distributions are generally anisotropic and depend on tissue orientation
relative to the irradiating light source [40–43] in addition to the polarization
of the incident light [44,45]. The optical properties of biologic tissue can be
described completely and quantitatively by defining the optical constants,
the absorption (ma), and scattering coefficients (ms), which represent the
probability of the incident photons being absorbed or scattered, and the
scattering phase function F(cos(q)), which is a mathematical function that
describes the directional nature of scattering [46–49]. With knowledge of
these parameters, light transport in dental hard tissues can be characterized
completely and modeled. An accurate description of light transport in
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dental hard tissues relies on knowledge of the exact form of the phase
function F(cos(q)) for each tissue scatterer at each wavelength [49].

Optical properties of sound enamel and dentin

Light absorption by enamel is very weak in the visible and NIR (ma ! 1
cm�1, l: ¼ 400–1300 nm) and increases in the ultraviolet (ma O 10 cm�1, l!
240 nm) [50]. The absorption coefficient of dentin is essentially wavelength
independent with a value of ma w 4 cm�1 [51] above 400 nm. The optical
behavior of enamel and dentin are dominated by scattering in the visible and
NIR [50]. The scattering coefficient of enamel, ms, decreases with increasing
wavelength from 400 cm�1 in the near-UV [50] to as low a value as 2 to 3
cm�1 at 1310 nm and 1550 nm [42,52] (see Fig. 1). At longer wavelengths,
water absorption increases and dominates the attenuation [53]. The
scattering of dentin is variable with position in the tooth and exceeds 100
to 200 cm�1 across the visible and NIR [51]. Measurement of the enamel
attenuation coefficient at 1310 nm and 1550 nm was a particular challenge,
because the scattering coefficient is almost two orders of magnitude lower
than in the visible range, w2 to 3 cm�1 at 1310 nm versus 105 cm�1 at 543
nm, and surface scattering can completely mask measurement of the bulk
scattering properties [42].

The authors previously employed the Monte Carlo method [54,55] to
determine the optical properties of dentin and enamel at 543, 632, and
1053 nm. Although the Monte Carlo method is labor and computationally
intensive, it has consistently been shown to yield the most reliable values
[46,49]. The accuracy of the values computed was confirmed by successfully
modeling the angular-resolved scattering distributions measured for sections
of various thickness from 100 mm to 2 mm in the multiple scattering
regimen. The measured angular-resolved scattering distributions could not
be represented by a single scattering phase function F(cos q), and required
a linear combination of a highly forward peaked phase function, a Henyey-
Greenstein function, and an isotropic phase function represented by the
following equation [42]:

Fðcos qÞ ¼ fd þ ð1� fdÞ
�

ð1� g2Þ
ð1� g2 � 2gcosqÞ3=2

�

The parameter for fraction diffuse (fd) is defined as the fraction of isotropic
scatterers. The average value of the cosine of the scattering angle (q) is called
the scattering anisotropy (g), where g ¼ 0.96 and 0.93 for enamel and dentin,
respectively, at 1053 nm [42]. The fraction of isotropic scatterers (fd) was
measured to be 36% for enamel and less than 2% for dentin at 1053 nm. Zijp
and coworkers [40,43] reported values of g ¼ 0.4 for dentin and g ¼ 0.68 for
enamel, calculated by taking the ratio of the forward and backward scattered
light. That approach is prone to error owing to the contribution of surface
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scattering [42]. Most scattering biologic tissues that can be represented by
a Henyey-Greenstein function have measured g values greater than 0.8 [46].
Moreover, the g value should be determined within the context of an
appropriate phase function based on the nature of the scatterers in the tissue
[56], and subsequently validated through a comparison of simulated
scattering distributions with measured distributions of various thickness as
the authors accomplished previously [42].

Optical property changes of demineralized enamel

Increased backscattering from the demineralized region of early caries
lesions is the basis for the visual appearance of white spot lesions [57,58]. An
increase in porosity of the lesion leads to increased scattering at the lesion
surface and higher scattering in the body of the lesion, producing an increase
in the magnitude of the diffuse reflectance [59]. Attempts at measuring the
optical properties of dental caries have been limited to measurements of
backscattered light from optically thick, multilayered sections of simulated
caries lesions [59–61]. The microstructure of enamel and dentin caries lesions
is complex, consisting of various turbid and transparent zones [45,62].
Highly porous demineralized areas of coronal caries appear whiter and are
more opaque. During remineralization, pores and tubules are filled with
mineral, and those areas are typically more transparent. There have been
some attempts to measure and simulate light scattering in artificial and
natural lesions [57,61,63]; however, to the authors’ knowledge, there has not
been a major effort to measure and quantify the optical properties of carious
lesions in terms of changes in the fundamental optical constants, ms and ma,
and the scattering phase function. A partial reason is the difficulty in
acquiring large uniform areas for measurement by conventional means. The
authors have used lasers, precision positioning stages, and a zoom video
microscope system to position the laser beam accurately with a spot size of
50 to 100 mm on areas of carious lesions for direct comparison with
matching high-resolution digital microradiography images (Fig. 2). A
procedural difference when measuring areas of carious lesion versus sound
tissue is the method of index matching. Lesion areas are highly porous,
allowing index-matching fluids to imbibe into the lesion, effectively
eliminating the lesion from an optical standpoint because the lesion
becomes more transparent than the sound tissue.

The authors’ method is predicated on the principle that carious lesions
will be filled with fluid in their natural state, and that measurement in water
replicates the conditions that will be encountered clinically. An NIR image
of the optical attenuation through the tooth section can be acquired using
a large fiber collimator (20-mm beam diameter) and an InGaAs focal plane
array (FPA) that can be overlaid with the mineral density distribution taken
using digital microradiography. Fig. 2 shows such an NIR image of a
200-mm thick tooth section taken with the InGaAs FPA. The white areas
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Fig. 2. (Top) Image of NIR (1310 nm) optical attenuation through a 200-mm thick tooth section

with a natural caries lesion in the yellowbox. The attenuation coefficient,mt, is in units of cm
�1 and

ranges from 0 to 180. (Middle) A high-resolution digital microradiograph of the lesion area shows

the vol % mineral versus position in the lesion area. (Bottom) The fraction of NIR (1310 nm)

light scattered versus the angle in the sound (blue) and carious (red) areas of the sample measured

with the scattering goniometer.
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represent more opaque regions, whereas the dark areas are more trans-
parent. The attenuation in the lesion approaches 180 cm�1, a factor 50 times
higher than that of sound enamel, 2 to 3 cm�1, and is of similar magnitude
to that of the dentin. A high-resolution digital microradiograph of the
carious region of the section is shown in the middle of Fig. 2. The volume
percent (vol %) of mineral is represented by the yellow-red color table, with
the areas of lower mineral content, caries lesion, and dentin in red, and the
high mineral areas, namely, sound enamel, demarcated in yellow. Optical
scattering measurements were taken in sound and carious regions of the
same section using the scattering goniometer (see Fig. 2), as indicated by the
two red and blue points in the microradiograph using a 1310-nm diode laser
focused to a spot size of 100 mm. Angularly resolved scattering measure-
ments taken at those two points are plotted in the lower part of Fig. 2. The
ballistic light is reduced by two orders of magnitude, and the intensity of the
light scattered at angles greater than 10 degrees is two to three orders of
magnitude higher for the carious tissue over the sound enamel.

NIR optical property measurements during the longitudinal development
of early artificial demineralization suggest a rapid exponential increase in
optical scattering during initial lesion development followed by a more
gradual increase in scattering as the lesion severity increases. This change
can clearly be seen in Fig. 3, which shows goniometer measurements of
angularly resolved scattering from artificially demineralized enamel over
a period of 5 days of lesion progression of a 200-mm thick section of enamel.
Note the rapid order of the magnitude increase in attenuation after just
1 day, followed by an increase in another order of magnitude after the next
4 days. The scattering anisotropy of demineralized enamel also seems to
be highly forward directed. This observation is not entirely unexpected.
Because demineralization proceeds along the core of the enamel rods, the
scattering centers may be large in the micron range and highly anisotropic.
Monte Carlo simulations on natural and artificial caries lesions indicate that
the scattering coefficient increases by two orders of magnitude, whereas the
phase function remains similar with a high-scattering anisotropy (g ¼ 0.96)
at 1310 nm. The optical parameters are g ¼ 0.96, fd ¼ 0.55, and ms ¼ 3 cm�1

for sound enamel at 1310 nm.
Measurements suggest that the image contrast provided by changes in

light scattering is much higher than the image contrast provided by
variations in tissue density that occurs at x-ray wavelengths in dental
radiography; therefore, NIR imaging methods can be expected to be more
sensitive to early demineralization than x-rays.

Polarization sensitive optical coherence tomography

The authors have used an all-fiber–based OCDR system with polariza-
tion-maintaining (pm) optical fiber, high-speed piezoelectric fiber stretchers,
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and two balanced InGaAs receivers (Optiphase, Van Nuys, California) to
acquire images of caries lesions. This two-channel system was integrated
with broadband high-power superluminescent diodes (SLDs) and a high-
speed XY-scanning system for in vitro optical tomography. The system was
based on a polarization-sensitive Michelson white light interferometer. The
high-power (20 mW) polarized SLD sources operated at a center wavelength
of 1310 nm. A spectral bandwidth FWHM of 50 nm was aligned using
a polarization controller to deliver 20 mW into the slow axis of the pm fiber
of the source arm of the interferometer. This light was split into the
reference and sample arms of the Michelson interferometer by a 50/50 pm-
fiber coupler. A schematic of the system is shown in Fig. 4. The system is
described in more detail elsewhere [64]. An excellent text explaining the
mechanics of OCT and PS-OCT has been published by Bouma and Tearney
[24].

Each scan of reflectivity from within the tooth is called an a-scan.
Adjacent a-scans are compiled into b-scan files. The pm fiber propagates
both polarization states of the light: the parallel (k) linear polarization that
is aligned with the slow axis of the pm fiber, and the perpendicular
polarization (t) that is aligned with the fast axis of the pm fiber (Fig. 5).
The light incident on the tooth is aligned with the slow axis of the fiber, that
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is, k-polarization, and any light that is directly reflected from the tooth
surface remains in that state. The strong reflection from the tooth surface
interferes with imaging the surface of caries lesions. This interference can be
eliminated by using the perpendicular polarization, the t-axis. There are
two mechanisms by which intensity can arise in the perpendicular axis. The
native birefringence of the tooth enamel can rotate the phase angle of the
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incident light beam between the two orthogonal axes (similar to a wave-
plate) as the light propagates through the enamel without changing the
degree of polarization. The other mechanism is depolarization from
scattering in which the degree of polarization is reduced. The later
mechanism is exploited to quantify the lesion severity. Complete de-
polarization of the incident linearly polarized light leads to an equal
distribution of the intensity in both orthogonal axes. Demineralization of
the enamel owing to dental decay causes an increase in the scattering
coefficient by one to two orders of magnitude; therefore, demineralized
enamel induces a large increase in the reflectivity along with depolarization.
This increase, in turn, causes a large rise in the perpendicular polarization
channel or axis.

PS-OCT images of sound, natural, and artificial demineralized enamel
demonstrate that one can image about 1 to 2 mm deep in sound enamel
using the current system. Highly scattering structures, such as dentin at the
dentinoenamel junction (Fig. 6), and carious dentin can be detected to
a depth of 2 to 3 mm beneath sound enamel; therefore, ‘‘hidden’’ dentinal
caries can be detected. The system has an axial (depth) resolution of 20 mm
that is sufficient to resolve the structure of the caries lesion, such as the
surface zone that is of particular importance for determining whether the
lesion is active or progressing. Longitudinal studies have demonstrated that
PS-OCT can be used for monitoring erosion and demineralization. The
progression of artificially produced caries lesions in the pit and fissure
systems of extracted molars can be monitored nondestructively (Fig. 7), and
the integrated reflectivity in thet-axis correlates well with the growth of the
lesion. These factors are a major step forward in demonstrating that PS-
OCT can be used to track lesion progression in vivo. Other optical methods
such as QLF and conventional OCT rely on the loss of light penetration
through fairly uniform lesions to estimate lesion severity, as opposed to
direct measurement of the reflectivity from the lesion. That characteristic
makes it difficult to apply these techniques to highly convoluted surfaces
where almost all decay is found, or to natural lesions that are almost never
of uniform size or severity. Moreover, using conventional OCT, one cannot
differentiate the strong reflectance from the tooth surface from increased
reflectivity from the lesion. Because the most important information about
the lesion is near the surface, the PS-OCT system is invaluable for imaging
dental caries, particularly early lesions. By exploiting depolarization in the
t- axis of the PS-OCT system, one can quantify lesion severity on highly
convoluted surfaces.

The PS-OCT system can also be used to image secondary caries under
sealants, where the advantage of having the ability to integrate directly the
PS-OCT fast axis (t-axis) images to quantify lesion severity is even more
apparent [65]. The penetration depth of PS-OCT through composite is
sufficient to resolve early demineralization under the sealant or restoration.
The composite reflectivity, depolarization, and penetration depth are not
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influenced by the composition of the filler; however, the reflectivity is
markedly increased in sealants with an added optical opacifier such as
titanium dioxide. Fig. 8 shows k- andt-axis PS-OCT images of the occlusal
surface of a tooth subjected to 14 days of pH cycling to generate an artificial
lesion approximately 100 mm in depth. Images are shown before and after
placement of a sealant. This particular sealant is invisible in the
perpendicular polarization state (see Fig. 8D), which facilitates direct
integration of the reflectivity from the demineralized area. These images
demonstrate that polarization sensitivity is necessary for differentiating
demineralized enamel under composite sealants and restorations.

It is not sufficient to simply detect a carious lesion or areas of
demineralization. It is also necessary to assess the state of the carious
lesion and to determine whether it is active and progressing, or arrested and
remineralizing. One can take two approaches for determining the state of
activity of carious lesions. The first approach is based on monitoring the
lesion progression over time to determine whether it changes (see Fig. 7).
The second approach is to examine the structure of the lesion to determine
whether there are any definitive features, such as a weakly scattering surface
zone, that are indicative of remineralization. Elkstrand has recently
described the pathoanatomic changes in enamel during caries initiation,
progression, and arrestment [66]. The surfaces of arrested lesions are
typically hard and shiny with less light scattering, in contrast to the soft and
chalky surface of active lesions. One can postulate that if PS-OCT can
resolve changes in lesion structure and demineralization, for example, the
presence of a surface zone of reduced light scattering, this method may have

Fig. 6. k-axis (top) and t-axis PS-OCT scans taken using a high power 50-mw, 33-nm

superluminescent (SLD) diode light-source. The intensity is shown in decibels (dB).
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potential as a quantitative diagnostic tool to determine the activity of the
lesion. The integrated reflectivity of the t-axis PS-OCT images of natural
lesions correlates well with the integrated mineral loss and can be used to
measure lesion severity directly. Fig. 9 shows thet-axis PS-OCT and digital
microradiography images of a pigmented lesion. Five PS-OCT line profiles
were taken at different positions in the lesion, and each was integrated to
yield a total integrated reflectivity for that area of the lesion to a depth of
500 mm. The integrated reflectivity correlated well with the matching mineral
density profiles taken from the digital microradiographic images that were
integrated to yield the lesion mineral loss or DZ value. PS-OCT images also
accurately represent the highly convoluted internal structure of caries
lesions.

Using PS-OCT, depolarization of the incident light by the caries lesion
can be exploited to facilitate direct integration of the lesion reflectivity to
quantify the lesion severity, regardless of the tooth topography. The difficult
task of having to deconvolve the strong surface reflection from the lesion
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surface can be circumvented. This factor is of particular importance when
looking at the surface structure of caries lesions for the presence of a surface
zone indicative of remineralization. Moreover, recent studies suggest that
polarization sensitivity can be used to differentiate between composites and
tooth structure and can even differentiate different composites [65]. These
studies clearly demonstrate that a clinical OCT system will require po-
larization sensitivity to be able to quantify lesion severity in vivo.

Near-infrared imaging and transillumination of caries lesions

Enamel is virtually transparent in the NIR, with optical attenuation one
to two orders of magnitude less than in the visible range. Transmission
measurements through demineralized tissue sections at 1310 nm show that
the demineralized tissue attenuates the laser beam by a factor 20 to 50 times
greater than sound enamel [67,68]; therefore, the NIR spectrum is ideal for
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imaging caries lesions. The authors have employed two NIR systems to
image caries. The first system uses an InGaAs focal plane array that can
operate from 1000 to 1600 nm. The second system employs a low-cost CCD
camera that can be used for imaging at 830 nm. Images were acquired of
simulated and natural caries lesions on extracted human teeth. Two setups
were employed in these studies (Fig. 10), one optimized for imaging inter-
proximal lesions through transillumination of teeth, and another that
enabled the acquisition of fairly uniform high-contrast images of occlusal
lesions. Various light sources were investigated for NIR imaging, including
fabry-perot NIR diode lasers, tungsten-halogen lamps, and broadband
SLDs. The SLDs provided a high-intensity uniform illumination source
from an optical fiber, and the high bandwidth avoided the production of
laser speckle for better images.

High contrast can be achieved at 1310 nm between simulated and natural
caries lesions and sound tissues [69]. Simulated lesions were used to
determine the image contrast at various wavelengths as a function of enamel
thickness. The lesions were produced by drilling small 1-mm diameter
cavities on the mesial or distal aspect of tooth sections of varying thickness
or whole teeth. An anterior whole tooth is shown in Fig. 11 with a simulated
interproximal lesion. A hole was drilled in the side of the tooth as shown in

Fig. 9. (A) Reflected light image of lesion. (B) t-axis PS-OCT scan. It is necessary to compare

the k- andt-scans to see the position of the tooth surface because the surface zone is not visible

in the t-axis scan. (C) Plot of the integrated reflectivity and the integrated mineral loss

determined with digital microradiography taken from (D) for the five line profiles indicated by

the colored lines on each image. There was a strong correlation (r ¼ 0.92, Pearson). Red is high

reflectivity, blue is low reflectivity (B), and black is reduced mineral density (D).
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Fig. 11D, and the cavity was filled with a hydroxyapatite paste with the
same refractive index as enamel and of reduced density. The grain
boundaries of the powder serve as scattering sites, replicating the scattering
sites produced in caries lesions. A bite-wing radiograph (see Fig. 11B) is
shown for comparison. The lesion is clearly more visible with NIR light.
Better image contrast is achievable owing to light scattering at NIR
wavelengths than that provided by changes in tissue density at x-ray
wavelengths. The lesion cannot be seen at all in the visible range with
a conventional CCD camera (see Fig. 11C). Note that a dark stain on the
upper right surface of the tooth also looks like a caries lesion in the visible
range. This confounding stain does not appear on the NIR image. In the
NIR images, it is easier to differentiate stains from demineralization. Images
taken through plano-parallel tooth sections, up to 6.75 mm in thickness,
show that the simulated lesions can be resolved through the maximum
possible thickness of enamel.

The imaging system operating near 830 nm using a low-cost silicon CCD
optimized for the NIR is capable of significantly higher performance than
a visible system but does not provide as high a contrast as that attainable at
1310 nm [70]. Images of anterior teeth with natural interproximal lesions
demonstrate that the system can be used on larger premolars and molars

Fig. 10. Setup for NIR (top) transillumination of interproximal lesions and (bottom) occlusal

lesions. InGaAs FPA with lens (a) or right-angle prism to view the occlusal surface (d ) of the

tooth (b). Illumination was provided by an SLD with collimator/polarizer (c), or a 20-mm

collimator and cylindrical lens (e).
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(Fig. 12). Nevertheless, posterior teeth pose a considerable challenge owing
to their large size, reduced enamel, and high surface curvature, and methods
need to be developed to reduce the confounding influence of refraction and
internal reflection on highly curved surfaces to enhance image contrast.

Occlusal images were acquired by illuminating the tooth with a ‘‘sheet of
1310-nm light’’ just above the gingiva from one side using a cylindrical lens.
The camera or endoscope was positioned directly above the occlusal surface
as shown in Fig. 10 so that diffuse light propagated up through the enamel
of the crown from the underlying dentin [71]. These initial images show that
NIR imaging can be used for discriminating demineralization, staining, and
pigmentation, and developmental defects such as fluorosis. Organic stains
are not visible in the NIR at 1310 nm. In Fig. 13A to C, an NIR image,
a visible reflected light image, and an x-ray (D-speed film) of a molar
containing an occlusal lesion with extensive staining are shown. The tooth is
covered with white spots owing to early demineralization or fluorosis
(developmental defect). The NIR image (see Fig. 13A) shows a large optical
opacity (dark area) owing to a broad area of demineralization. This lesion

Fig. 11. Comparison of (A) NIR image, (B) x-ray (D-speed film), (C) visible image of an

anterior tooth with a simulated interproximal lesion, and (D) side view of the tooth showing the

lesion surface and position. The stain on the buccal surface is not visible on the NIR image.
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extends into the dentin and is barely visible on the radiograph in Fig. 13C.
The white spots most likely caused by fluorosis still appear white in the NIR
transillumination images, in contrast to demineralized areas that appear
darker owing to attenuation of the light coming up from the tooth center.
Apparently, neither staining nor developmental defects such as fluorosis
interfere significantly with NIR imaging of demineralization. Although
dental calculus is highly opaque in NIR images, it stands out from the
surface, allowing differentiation from demineralization.

Based on these initial images, one can hypothesize that the NIR system
can be used to differentiate among staining, developmental defects, and
demineralization and will improve the ability of clinicians to localize areas
of demineralization. The NIR image of a second molar in Fig.13D shows
highly localized shallow decay along some of the fissures. This image
demonstrates that fissures appear optically opaque owing to the localized
demineralization and not because of the fissure topography. This
characteristic is an important distinction from the appearance on imaging
reflected light, in which fissures appear darker simply due to lower
reflectivity. Another molar with localized occlusal decay is shown in
Fig. 13E to F. The image in Fig. 13E was taken with the camera lens and the
image in Fig. 13F with an endoscope to demonstrate the ease in acquiring in
vivo NIR occlusal images of posterior teeth. NIR images also have great
potential for examining defects in tooth structure, and cracks in enamel can
be clearly resolved with this method.

Optical diagnostic tools operating in the NIR have considerable potential
for imaging early caries lesions owing to the high transparency of enamel.
One can envisage using NIR transillumination imaging to screen for dental

Fig. 12. NIR images of natural interproximal lesions on two posterior teeth, with lesions in

yellow boxes. (A) Shallow lesion. (B) Deep cavitated lesion. The empty cavitated area between

the lesion and the tooth surface does not show up in the NIR image, whereas on the x-ray, only

the cavitated area is visible and the demineralized area is not. If the area of decay does not

connect with the surface, there is a region of cavitation in between.
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Fig. 13. NIR occlusal images of molars with carious lesions. (A) NIR and (B) visible reflected

light images of a molar with a large lesion (yellow circle) that penetrates into the dentin and that

can barely be resolved on (C) an x-ray (D-speed) film. Another molar (D) has shallow lesions

localized to a few fissures, whereas a third molar (E) has decay on one quadrant of the tooth,

which can also be easily resolved with an endoscope (F ).



790 FRIED et al
caries in conjunction with PS-OCT to probe suspect occlusal lesions to
ascertain lesion depth and severity. PS-OCT is very promising for tracking
lesion progression over time and for quantifying lesion severity, and can
potentially be used for in vivo testing of anticaries agents in clinical trials on
a much shorter time scale than previously used. The next step is to build
clinical prototypes, collect in vivo images, and assess the performance of
these NIR imaging tools in the clinical setting.
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