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Description

FIELD OF THE INVENTION

[0001] This disclosure generally relates to methods
and apparatus for dental imaging and more particularly
relates to an apparatus for caries detection using fluo-
rescence and scattering.

BACKGROUND OF THE INVENTION

[0002] In spite of improvements in detection, treat-
ment, and prevention techniques, dental caries remains
a widely prevalent condition affecting people of all age
groups. If not properly and promptly treated, caries can
lead to permanent tooth damage and even to loss of
teeth.
[0003] Traditional methods for caries detection include
visual examination and tactile probing with a sharp dental
explorer device, often assisted by radiographic (x-ray)
imaging. Detection using these methods can be some-
what subjective, varying in accuracy due to many factors,
including practitioner expertise, location of the infected
site, extent of infection, viewing conditions, accuracy of
x-ray equipment and processing, and other factors.
There are also hazards associated with conventional de-
tection techniques, including the risk of damaging weak-
ened teeth and spreading infection with tactile methods
as well as exposure to x-ray radiation. By the time caries
is evident under visual and tactile examination, the dis-
ease is generally in an advanced stage, requiring a filling
and, if not timely treated, possibly leading to tooth loss.
[0004] In response to the need for improved caries de-
tection methods, there has been considerable interest in
improved imaging techniques that do not employ x-rays.
One method that has been commercialized employs flu-
orescence, caused when teeth are illuminated with high
intensity blue light. This technique, termed quantitative
light-induced fluorescence (QLF), operates on the prin-
ciple that sound, healthy tooth enamel yields a higher
intensity of fluorescence under excitation from some
wavelengths than does de-mineralized enamel that has
been damaged by caries infection. The strong correlation
between mineral loss and loss of fluorescence for blue
light excitation is then used to identify and assess carious
areas of the tooth. A different relationship has been found
for red light excitation, a region of the spectrum for which
bacteria and bacterial by-products in carious regions ab-
sorb and fluoresce more pronouncedly than do healthy
areas.
[0005] Among proposed solutions for optical detection
of caries are the following:

U.S. Patent No. 4,290,433 (Alfano) discloses a meth-
od to detect caries by comparing the excited lumi-
nescence in two wavelengths.
U.S. Patent No. 4,479,499 (Alfano) describes a
method to detect caries by comparing the intensity

of the light scattered at two different wavelengths.
U.S. Patent No. 4,515,476 (Ingmar) discloses use
of a laser for providing excitation energy that gener-
ates fluorescence at some other wavelength for lo-
cating carious areas.
U.S. Patent No. 6,231,338 (de Josselin de Jong et
al.) discloses an imaging apparatus for identifying
dental caries using fluorescence detection.
U.S. Patent Application No. 2004/0240716 (de Jos-
selin de Jong et al.) discloses methods for improved
image analysis for images obtained from fluorescing
tissue.

[0006] Among commercialized products for dental im-
aging using fluorescence behavior is the QLF Clinical
System from Inspektor Research Systems BV, Amster-
dam, The Netherlands. Using a different approach, the
Diagnodent Laser Caries Detection Aid from KaVo Den-
tal GmbH, Biberach, Germany, detects caries activity
monitoring the intensity of fluorescence of bacterial by-
products under illumination from red light.
[0007] U.S. Patent Application Publication
2005/0003323 (Katsuda et al.) describes a hand-held im-
aging apparatus suitable for medical or dental applica-
tions, using fluorescence imaging. The’3323 Katsuda et
al. disclosure shows an apparatus that receives the re-
flection light from the diagnostic object and/or the fluo-
rescence of the diagnostic object with different light irra-
diation. The disclosed apparatus is fairly complicated,
requiring switchable filters in the probe, for example.
While the apparatus disclosed in the Katsuda et al. ’3323
patent application takes advantage of combining reflec-
tion light and fluorescence from the diagnostic object in
the same optical path, the apparatus does not remove
or minimize specular reflection. Any unwanted specular
reflection produces false positive results in reflectance
imaging. Moreover, with the various illumination embod-
iments disclosed, the illumination directed toward a tooth
or other diagnostic object is not uniform, since the light
source is in close proximity to the diagnostic object.
[0008] U.S. Patent Application Publication
2004/0202356 (Stookey et al.) describes mathematical
processing of spectral changes in fluorescence in order
to detect caries in different stages with improved accu-
racy. Acknowledging the difficulty of early detection when
using spectral fluorescence measurements, the ’2356
Stookey et al. disclosure describes approaches for en-
hancing the spectral values obtained, effecting a trans-
formation of the spectral data that is adapted to the spec-
tral response of the camera that obtains the fluorescent
image.
[0009] While the disclosed methods and apparatus
show promise in providing non-invasive, non-ionizing im-
aging methods for caries detection, there is still room for
improvement. One recognized drawback with existing
techniques that employ fluorescence imaging relates to
image contrast. The image provided by fluorescence
generation techniques such as QLF can be difficult to
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assess due to relatively poor contrast between healthy
and infected areas. As noted in the ’2356 Stookey et al.
disclosure, spectral and intensity changes for incipient
caries can be very slight, making it difficult to differentiate
non-diseased tooth surface irregularities from incipient
caries.
[0010] Overall, it is well-recognized that, with fluores-
cence techniques, the image contrast that is obtained
corresponds to the severity of the condition. Accurate
identification of caries using these techniques often re-
quires that the condition be at a more advanced stage,
beyond incipient or early caries, because the difference
in fluorescence between carious and sound tooth struc-
ture is very small for caries at an early stage. In such
cases, detection accuracy using fluorescence tech-
niques may not show marked improvement over conven-
tional methods. Because of this shortcoming, the use of
fluorescence effects appears to have some practical lim-
its that prevent accurate diagnosis of incipient caries. As
a result, a caries condition may continue undetected until
it is more serious, requiring a filling, for example.
[0011] Detection of caries at very early stages is of
particular interest for preventive dentistry. As noted ear-
lier, conventional techniques generally fail to detect car-
ies at a stage at which the condition can be reversed. As
a general rule of thumb, incipient caries is a lesion that
has not penetrated substantially into the tooth enamel.
Where such a caries lesion is identified before it threatens
the dentin portion of the tooth, remineralization can often
be accomplished, reversing the early damage and pre-
venting the need for a filling. More advanced caries, how-
ever, grows increasingly more difficult to treat, most often
requiring some type of filling or other type of intervention.
[0012] In order to take advantage of opportunities for
non-invasive dental techniques to forestall caries, it is
necessary that caries be detected at the onset. In many
cases, as is acknowledged in the ’2356 Stookey et al.
disclosure, this level of detection has been found to be
difficult to achieve using existing fluorescence imaging
techniques, such as QLF. As a result, early caries can
continue undetected, so that by the time positive detec-
tion is obtained, the opportunity for reversal using low-
cost preventive measures can be lost.
[0013] U.S. Patent No. 6,522,407 (Everett et al.) dis-
closes the application of polarimetry principles to dental
imaging. One system described in the Everett et al. ’407
teaching provides a first polarizer in the illumination path
for directing a polarized light to the tooth. A second po-
larizer is provided in the path of reflected light. In one
position, the polarizer transmits light of a horizontal po-
larization. Then, the polarizer is oriented to transmit light
having an orthogonal polarization. Intensity of these two
polarization states of the reflected light can then be com-
pared to calculate the degree of depolarization of light
scattered from the tooth. The result of this comparison
then provides information on a detected caries infection.
[0014] While the approach disclosed in the Everett et
al. ’407 patent takes advantage of polarization differenc-

es that can result from backscattering of light, the appa-
ratus and methods described therein require the use of
multiple polarizers, one in the illumination path, the other
in the imaging path. Moreover, the imaging path polarizer
must somehow be readily switchable between a refer-
ence polarization state and its orthogonal polarization
state. Thus, this solution has inherent disadvantages for
allowing a reduced package size for caries detection op-
tics. It would be advantageous to provide a simpler so-
lution for caries imaging, a solution not concerned with
measuring a degree of depolarization, thus using a small-
er number of components and not requiring switchable
orientation of a polarizer between one of two positions.
[0015] As is described in one embodiment of the Ev-
erett et al. ’407 patent disclosure, optical coherence to-
mography (OCT) has been proposed as a tool for dental
and periodontal imaging, as well as for other medical
imaging applications. For example:

U.S. Patent No. 5,321,501 (Swanson et al.) de-
scribes principles of OCT scanning and measure-
ment as used in medical imaging applications;
U.S. Patent No. 5,570,182 (Nathel et al.) describes
the use of OCT for imaging of tooth and gum struc-
tures;
U.S. Patent No. 6,179,611 (Everett et al.) describes
a dental explorer tool that is configured to provide a
scanned OCT image;
U.S. Patent Application Publication No.
2005/0024646 (Quadling et al.) describes the use of
time-domain and Fourier-domain OCT systems for
dental imaging;
Japanese Patent Application Publication No. JP
2004-344260 (Kunitoshi et al.) discloses an optical
diagnostic apparatus equipped with a camera for vis-
ual observation of a tooth part, with visible light for
illuminating a surface image, and an OCT device for
scanning the indicated region of a surface image us-
ing an alternate light source.

[0016] While OCT solutions, such as those described
above, can provide very detailed imaging of structure be-
neath the surface of a tooth, OCT imaging itself can be
time-consuming and computation-intensive. OCT imag-
es would be most valuable if obtained within one or more
local regions of interest, rather than obtained over wide-
spread areas. That is, once a dental professional identi-
fies a specific area of interest, then OCT imaging could
be provided for that particular area only. Conventional
solutions, however, have not combined visible light im-
aging with OCT imaging in the same imaging apparatus.
[0017] Thus, it can be seen that there is a need for a
non-invasive, non-ionizing imaging method for caries de-
tection that offers improved accuracy for detection of car-
ies, particularly in its earlier stages, with a reduced
number of components and reduced complexity over
conventional solutions.
[0018] Furthermore, reference is made to WO 03 068
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064 A1, which is related to cancer detection and an adap-
tive dose optimization treatment system. The system has
at least one light source providing incident light of a first
spectral range for obtaining a reflectance image of tissue,
which has been injected with a chemical introduced into
the tissue. A polarizing beamsplitter, partial mirror or di-
chroic reflector may be placed in the path of the incident
light for directing a portion of the incident light, such as
light of a first polarization state towards the tissue. Light
from the tissue is guided to a sensor along separate chan-
nels, which may include different optical elements in the
respective channels such as a filter or a polarizer, to
thereby generate several images of the same tissue re-
gion on the sensor.

SUMMARY OF THE INVENTION

[0019] The present invention provides an apparatus
for imaging
a tooth as set forth in claim 1. Further embodiments are
inter alia disclosed in the dependent claims.
[0020] It is a feature of the present invention that it uti-
lizes both fluorescence and reflectance image data for
dental imaging.
[0021] It is an advantage of the present invention that
it offers enhancement over existing fluorescence imaging
techniques, useful for detection of caries in its incipient
stages.
[0022] These and other objects, features, and advan-
tages of the present invention will become apparent to
those skilled in the art upon a reading of the following
detailed description when taken in conjunction with the
drawings wherein there is shown and described an illus-
trative embodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] While the specification concludes with claims
particularly pointing out and distinctly claiming the subject
matter of the present invention, it is believed that the in-
vention will be better understood from the following de-
scription when taken in conjunction with the accompany-
ing drawings, wherein:

Figure 1 is a schematic block diagram of an imaging
apparatus for caries detection according to one em-
bodiment;
Figure 2 is a schematic block diagram of an imaging
apparatus for caries detection according to an alter-
nate embodiment;
Figure 3 is a schematic block diagram of an imaging
apparatus for caries detection according to an alter-
nate embodiment;
Figure 4A is a schematic block diagram of an imaging
apparatus for caries detection according to an alter-
nate embodiment using polarized light;
Figure 4B is a schematic block diagram of an imaging
apparatus for caries detection according to an alter-

nate embodiment using a polarizing beamsplitter to
provide polarized light;
Figure 4C is a schematic block diagram of an alter-
nate embodiment using a band pass filter with a nar-
row band light source;
Figure 5 is a view showing the process for combining
dental image data to generate a fluorescence image
with reflectance enhancement according to the
present invention;
Figure 6 is a composite view showing the contrast
improvement of the present invention in a side-by-
side comparison with conventional visual and fluo-
rescence methods;
Figure 7 is a block diagram showing a sequence of
image processing for generating an enhanced
threshold image according to one embodiment;
Figure 8 is a schematic block diagram of an imaging
apparatus for caries detection according to an alter-
nate embodiment using multiple light sources;
Figure 9 is a schematic block diagram of an imaging
apparatus for caries detection using polarized light
in one embodiment of the present disclosure;
Figure 10 is a schematic block diagram of an imaging
apparatus for caries detection using polarized light
in an alternate embodiment of the present disclo-
sure;
Figure 11 is a schematic block diagram of an imaging
apparatus for caries detection using polarized light
in an alternate embodiment of the present disclo-
sure;
Figure 12A is a schematic block diagram of an im-
aging apparatus for caries detection using polarized
light from two sources in an alternate embodiment
of the present disclosure;
Figure 12B is a schematic block diagram of an im-
aging apparatus for caries detection using a ring il-
luminator with LEDs in an alternate embodiment of
the present disclosure;
Figure 12C is a schematic block diagram of an im-
aging apparatus for caries detection using a fiber
ring illuminator in an alternate embodiment of the
present disclosure;
Figure 13 is a schematic block diagram of an imaging
apparatus for caries detection using polarized light
and OCT scanning in one embodiment;
Figure 14A is a plan view of an operator interface
screen in one embodiment;
Figure 14B is an example display of OCT scanning
results;
Figure 15 is a block diagram showing an arrange-
ment of a hand-held imaging apparatus in one em-
bodiment;
Figure 16 is a perspective view showing an imaging
apparatus having an integral display;
Figure 17 is a block diagram showing combination
of multiple types of images in order to form a com-
posite image;
Figure 18 is a block diagram showing a wireless den-
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tal imaging system in one embodiment;
Figure 19 is a block diagram of an alternate embod-
iment for the imaging probe with two sensors;
Figure 20 is a logic flow diagram for image process-
ing workflow; Figure 21 is a block diagram showing
an image relay arrangement used in one embodi-
ment;
Figure 22 is a block diagram showing the path of
emitted light within the apparatus of the present dis-
closure;
Figures 23A and 23B are block diagrams of embod-
iments for image capture with auto- focusing capa-
bility;
Figure 23C is a diagram showing how focusing indi-
cators operate; Figure 24 is a graph showing char-
acteristic curves for white light and for a long pass
filter used in the apparatus of the present disclosure;
and
Figure 25 is a diagram showing operation of a toggle
switch for obtaining separate images.

DETAILED DESCRIPTION OF THE INVENTION

[0024] The present description is directed in particular
to elements forming part of, or cooperating more directly
with, apparatus in accordance with the invention. It is to
be understood that elements not specifically shown or
described may take various forms well known to those
skilled in the art.
[0025] As noted in the preceding background section,
it is known that fluorescence can be used to detect dental
caries using either of two characteristic responses: First,
excitation by a blue light source causes healthy tooth
tissue to fluoresce in the green spectrum. Secondly, ex-
citation by a red light source can cause bacterial by-prod-
ucts, such as those indicating caries, to fluoresce in the
red spectrum.
[0026] In order for an understanding of how light is used
in the present disclosure, it is important to give more pre-
cise definition to the terms "reflectance" and "back-scat-
tering" as they are used in biomedical applications in gen-
eral and, more particularly, in the method and apparatus
of the present disclosure. In broadest optical parlance,
reflectance generally denotes the sum total of both spec-
ular reflectance and scattered reflectance. (Specular re-
flection is that component of the excitation light that is
reflected by the tooth surface at the same angle as the
incident angle.) In biomedical applications, however, as
in the dental application of the present disclosure, the
specular component of reflectance is of no interest and
is, instead, generally detrimental to obtaining an image
or measurement from a sample. The component of re-
flectance that is of interest for the present application is
from back-scattered light only. Specular reflectance must
be blocked or otherwise removed from the imaging path.
With this distinction in mind, the term "back-scattered
reflectance" is used in the present application to denote
the component of reflectance that is of interest. "Back-

scattered reflectance" is defined as that component of
the excitation light that is elastically back-scattered over
a wide range of angles by the illuminated tooth structure.
"Reflectance image" data, as this term is used in the
present disclosure, refers to image data obtained from
back-scattered reflectance only, since specular reflect-
ance is blocked or kept to a minimum. In the scientific
literature, back-scattered reflectance may also be re-
ferred to as back-reflectance or simply as backscattering.
Back-scattered reflectance is at the same wavelength as
the excitation light.
[0027] It has been shown that light scattering proper-
ties differ between sound and carious dental regions. In
particular, reflectance of light from the illuminated area
can be at measurably different levels for normal versus
carious areas. This change in reflectance, taken alone,
may not be sufficiently pronounced to be of diagnostic
value when considered by itself, since this effect is very
slight, although detectable. For more advanced stages
of caries, for example, back-scattered reflectance may
be less effective an indicator than at earlier stages.
[0028] In conventional fluorescence measurements
such as those obtained using QLF techniques, reflect-
ance itself is an effect that is avoided rather than utilized.
A filter is usually employed to block off all excitation light
from reaching the detection device. For this reason, the
slight but perceptible change in back-scattered reflect-
ance from excitation light has received little attention for
diagnosing caries.
[0029] The inventors have found, however, that this
back-scattered reflectance change can be used in con-
junction with fluorescence effects to more clearly and
more accurately pinpoint a carious location. Moreover,
the inventors have observed that the change in light scat-
tering activity, while it can generally be detected wher-
ever a caries condition exists, is more pronounced in ar-
eas of incipient caries. This back-scattered reflectance
change is evident at early stages of caries, even when
fluorescent effects are least pronounced.
[0030] The present invention takes advantage of the
observed back-scattering behavior for incipient caries
and uses this effect, in combination with fluorescence
effects described previously in the background section,
to provide an improved capability for dental imaging to
detect caries. The inventive technique, hereafter referred
to as fluorescence imaging with reflectance enhance-
ment (FIRE), not only helps to increase the contrast of
images over that of earlier approaches, but also makes
it possible to detect incipient caries at stages where pre-
ventive measures are likely to effect remineralization, re-
pairing damage done by the caries infection at a stage
well before more complex restorative measures are nec-
essary. Advantageously, FIRE detection can be accurate
at an earlier stage of caries infection than has been ex-
hibited using existing fluorescence approaches that
measure fluorescence alone.
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Imaging Apparatus

[0031] Referring to Figure 1, there is shown one basic
optical arrangement for an imaging apparatus 10 for car-
ies detection using the FIRE method in one embodiment.
A light source 12 directs an incident light, at a blue wave-
length range or other suitable wavelength range, toward
tooth 20 through an optional lens 14 or other light beam
conditioning component. The tooth 20 may be illuminated
at a smooth surface (as shown) or at an occlusal surface
(not shown). Two components of light are then detected
by a monochrome camera 30 through a lens 22: a back-
scattered light component having the same wavelength
as the incident light and having measurable reflectance;
and a fluorescent light that has been excited due to the
incident light. For FIRE imaging, specular reflection caus-
es false positives and is undesirable. To minimize spec-
ular reflection pick up, the camera 30 is positioned at a
suitable angle with respect to the light source 12. This
allows imaging of back-scattered light without the con-
founding influence of a specularly reflected component.
[0032] In the embodiment of Figure 1, monochrome
camera 30 has color filters 26 and 28. One of color filters
26 or 28 is used during reflectance imaging; the other is
used during fluorescence imaging. A processing appa-
ratus 38 obtains and processes the reflectance and flu-
orescence image data and forms a FIRE image 60. FIRE
image 60 is an enhanced diagnostic image that can be
printed or can appear on a display 40. FIRE image 60
data can also be transmitted to storage or transmitted to
another site for display.
[0033] Referring to Figure 2, there is shown the basic
optics arrangement in an alternate embodiment using a
color camera 32. With this arrangement, auxiliary filters
would not generally be needed, since color camera 32
would be able to obtain the reflectance and fluorescence
images from the color separations of the full color image
of tooth 20.
[0034] Light source 12 is typically centered around a
blue wavelength, such as about 405 nm in one embodi-
ment. In practice, light source 12 could emit light ranging
in wavelength from an upper ultraviolet range to blue,
between about 300 and 500nm. Light source 12 can be
a laser or could be fabricated using one or more light
emitting diodes (LEDs). Alternately, a broadband source,
such as a xenon lamp, having a supporting color filter for
passing the desired wavelengths could be used. Lens 14
or other optical elements may serve to condition the in-
cident light, such as by controlling the uniformity and size
of the illumination area. For example, a diffuser 13, shown
as a dotted line in Figure 2, might be used before or after
lens 14 to smooth out the hot spots of an LED beam. The
path of illumination light might include light guiding or
light distributing structures such as an optical fiber or a
liquid light guide, for example (not shown). Light level is
typically a few milliwatts in intensity, but can be more or
less, depending on the light conditioning and sensing
components used.

[0035] Referring to the basic optical arrangement
shown in Figure 3, illumination components could alter-
nately direct light at normal incidence, turned through a
beamsplitter 34. Camera 32 would then be disposed to
obtain the image light that is transmitted through beam-
splitter 34. Other options for illumination include multiple
light sources directed at the tooth with angular incidence
from one or more sides. Alternately, the illumination might
use an annular ring or an arrangement of LED sources
distributed about a center such as in a circular array to
provide light uniformly from multiple angles as shown in
Figures 12A and 12B. Illumination could also be provided
through an optical fiber or fiber array as shown in Figure
12C.
[0036] The imaging optics, represented as lens 22 in
Figures 1-3, could include any suitable arrangement of
optical components, with possible configurations ranging
from a single lens component to a multi-element lens.
Clear imaging of the tooth surface, which is not flat but
can have areas that are both smoothly contoured and
highly ridged, requires that imaging optics have sufficient
depth of field. Preferably, for optimal resolution, the im-
aging optics provides an image size that substantially fills
the sensor element of the camera.
[0037] Image capture can be performed by either mon-
ochrome camera 30 (Figure 1) or color camera 32 (Figure
2). Typically, camera 30 or 32 employs a CMOS or CCD
sensor. The monochrome version would typically employ
a retractable spectral filter 26, 28 suitable for the wave-
length of interest. For light source 12 having a blue wave-
length, spectral filter 26 for capturing reflectance image
data would transmit predominately blue light. Spectral
filter 28 for capturing fluorescence image data would
transmit light at a different wavelength, such as predom-
inately green light. Preferably, spectral filters 26 and 28
are automatically switched into place to allow capture of
both reflectance and fluorescence images in very close
succession. Both images are obtained from the same
position to allow accurate registration of the image data.
[0038] Spectral filter 28 would be optimized with a
pass-band that captures fluorescence data over a range
of suitable wavelengths. The fluorescent effect that has
been obtained from tooth 20 can have a relative broad
spectral distribution in the visible range, with light emitted
that is outside the wavelength range of the light used for
excitation. The fluorescent emission is typically between
about 450 nm and 600 nm, while generally peaking in
the green region, roughly from around 510 nm to about
550 nm. Thus a green light filter is generally preferred
for spectral filter 28 in order to obtain this fluorescence
image at its highest energy levels. With color camera 32,
the green image data is generally used for this same
reason. This green image data is also obtained through
a green light filter, such as a green filter in a color filter
array (CFA), as is well known to those skilled in the color
image capture art. However, other ranges of the visible
spectrum could also be used in other embodiments.
[0039] Camera controls are suitably adjusted for ob-
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taining each type of image. For example, when capturing
the fluorescence image, it is necessary to make appro-
priate exposure adjustments for gain, shutter speed, and
aperture, since this image may not be intense. When
using color camera 32 (Figure 2), color filtering is per-
formed by the color filter arrays on the camera image
sensor. The reflectance image is captured in the blue
color plane; simultaneously, the fluorescence image is
captured in the green color plane. That is, a single expo-
sure captures both back-scattered reflectance and fluo-
rescence images.
[0040] Processing apparatus 38 is typically a computer
workstation but may, in its broadest application, be any
type of control logic processing component or system
that is capable of obtaining image data from camera 30
or 32 and executing image processing algorithms upon
that data to generate the FTRE image 60 data. Process-
ing apparatus 38 may be local or may connect to image
sensing components over a networked interface.
[0041] Referring to Figure 5, there is shown, in sche-
matic form, how the FIRE image 60 is formed according
to the present disclosure. Two images of tooth 20 are
obtained, a green fluorescence image 50 and a blue re-
flectance image 52. As noted earlier, it must be empha-
sized that the reflectance light used for reflectance image
52 and its data is from back-scattered reflectance, with
specular reflectance blocked or kept as low as possible.
In the example of Figure 5, there is a carious region 58,
represented in phantom outline in each of images 50, 52,
and 60, which causes a slight decrease in fluorescence
and a slight increase in reflectance. The carious region
58 may be imperceptible or barely perceptible in either
fluorescence image 50 or reflectance image 52, taken
individually. Processing apparatus 38 operates upon the
image data using an image processing algorithm as dis-
cussed below for both images 50 and 52 and provides
FIRE image 60 as a result. The contrast between carious
region 58 and sound tooth structure is heightened, so
that a caries condition is made more visible in FIRE image
60.
[0042] Figure 6 shows the contrast improvement of the
present invention in a side-by-side comparison with a
visual white-light image 54 and conventional fluores-
cence methods. For caries at a very early stage, the car-
ious region 58 may look indistinct from the surrounding
healthy tooth structure in white-light image 54, either as
perceived directly by eye or as captured by an intraoral
camera. In the green fluorescence image 52 captured by
existing fluorescence method, the carious region 58 may
show up as a very faint, hardly noticeable shadow. In
contrast, in the FIRE image 60 generated by the present
invention, the same carious region 58 shows up as a
darker, more detectable spot. Clearly, the FIRE image
60, with its contrast enhancement, offers greater diag-
nostic value.

Image Processing

[0043] As described earlier with reference to Figures
5 and 6, processing of the image data uses both the re-
flectance and fluorescence image data to generate a final
image that can be used to identify carious areas of the
tooth. There are a number of alternative processing
methods for combining the reflectance and fluorescence
image data to form FIRE image 60 for diagnosis. Com-
monly-assigned U.S. Patent Application No. 11/262,869,
cited above, describes one method for combining reflect-
ance and fluorescence image data, using scalar multipli-
ers and finding a difference between scaled reflectance
and fluorescence values.
[0044] Following an initial combination of fluorescence
and reflectance values, additional image processing may
also be of benefit. A thresholding operation, executed
using image processing techniques familiar to those
skilled in the imaging arts, or some other suitable condi-
tioning of the combined image data used for FIRE image
60, may be used to further enhance the contrast between
a carious region and sound tooth structure. Referring to
Figure 7, there is shown, in block diagram form, a se-
quence of image processing for generating an enhanced
threshold FIRE image 64 according to one embodiment.
Fluorescence image 50 and reflectance image 52 are
first combined to form FIRE image 60, as described pre-
viously. A thresholding operation is next performed, pro-
viding threshold image 62 that defines more clearly the
area of interest, carious region 58. Then, threshold image
62 is combined with original FIRE image 60 to generate
enhanced threshold FIRE image 64. Similarly, the results
of threshold detection can also be superimposed onto a
white light image 54 (Figure 6) in order to definitively out-
line the location of a carious infection.
[0045] It can be readily appreciated that any number
of complex image processing algorithms could alternate-
ly be used for combining the reflectance and fluores-
cence image data in order to obtain an enhanced image
that identifies carious regions more clearly. It may be
advantageous to apply a number of different imaging al-
gorithms to the image data in order to obtain the most
useful result. In one embodiment, an operator can elect
to use any of a set of different image processing algo-
rithms for conditioning the fluorescence and reflectance
image data obtained. This would allow the operator to
check the image data when processed in a number of
different ways and may be helpful for optimizing the de-
tection of carious lesions having different shape-related
characteristics or that occur over different areas of the
tooth surface.
[0046] It is emphasized that the image contrast en-
hancement achieved in the present invention, because
it employs both reflectance and fluorescence data, is ad-
vantaged over conventional methods that use fluores-
cent image data only. Conventionally, where only fluo-
rescence data is obtained, image processing has been
employed to optimize the data, such as to transform flu-
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orescence data based on spectral response of the cam-
era or of camera filters or other suitable characteristics.
For example, the method of the ’2356 Stookey et al. dis-
closure, cited above, performs this type of optimization,
transforming fluorescence image data based on camera
response. However, these conventional approaches
overlook the added advantage of additional image infor-
mation that the back-scattered reflectance data obtains.

Alternate Embodiments

[0047] The method of the present invention admits a
number of alternate embodiments. For example, the con-
trast of either or both of the reflectance and fluorescence
images may be improved by the use of a polarizing ele-
ment. It has been observed that enamel, having a highly
structured composition, is sensitive to the polarization of
incident light. Polarized light has been used to improve
the sensitivity of dental imaging techniques, for example,
in "Imaging Caries Lesions and Lesion Progression with
Polarization Sensitive Optical Coherence Tomography"
in J. Biomed Opt., 2002 Oct; 7(4): pp. 618-627, by Fried
et al.
[0048] Specular reflection tends to preserve the polar-
ization state of the incident light. For example, where the
incident light is s-polarized, the specular reflected light
is also s-polarized. Backscattering, on the other hand,
tends to depolarize or randomize the polarization of the
incident light. Where incident light is s-polarized, back-
scattered light has both s- and p-polarization compo-
nents. Using a polarizer and analyzer, this difference in
polarization handling can be employed to help eliminate
unwanted specular reflectance from the reflectance im-
age, so that only back-scattered reflectance is obtained.
[0049] Referring to Figure 4A, there is shown an em-
bodiment of imaging apparatus 10 that expands upon
the basic model shown in Figures 1-3, employing a po-
larizer 42 in the path of the incident illumination light and
other supporting optics. Polarizer 42 transmits linearly
polarized incident light. An optional analyzer 44 may also
be provided in the return path of image-bearing light from
tooth 20 as a means to minimize the specular reflectance
component. With this polarizer 42/analyzer 44 combina-
tion as polarizing elements, reflectance light in the return
path and sensed by camera 30 or 32 is predominantly
back-scattered light, that portion of the reflectance that
is desirable for combination with the fluorescence image
data according to the present disclosure. A long-pass
filter 15 in the path of returned light from the tooth is used
to attenuate ultraviolet and shorter wavelength visible
light (for example, light over the blue portion of the spec-
trum, centered near about 405 +/- 40 nm) and to pass
longer wavelength light. This arrangement minimizes the
effect of blue light that may be used to excite fluorescence
(normally centered in the green portion of the spectrum,
nominally about 550 nm) and, by attenuating this shorter-
wavelength light, allows the use of a white light source
as light source 12 for obtaining a reflectance image. The

curves of Figure 24 show the overall relationship between
a white light curve 98 (shown with a dashed line) and a
long-pass filter curve 96.
[0050] Figure 4C shows an alternate embodiment us-
ing multiple light sources 12, each light source 12 having
a different spectral range. Here, one light source 12 is a
white light source for obtaining the reflectance image.
The typical spectral range for a white light source can
include wavelengths from about 400 to about 700nm.
The other light source 12 is a UV LED or other source
that emits light having shorter wavelengths for exciting
fluorescent emission. For example, its spectral range
may be well within 300-500 nm. A band pass filter 17 can
be used to narrow the band and reduce optical crosstalk
from this second light source into the fluorescence image.
[0051] Where there are multiple light sources 12, indi-
vidual light sources 12 can be toggled on and off in order
to obtain the corresponding reflectance or fluorescence
image at any one time. For the embodiment described
with reference to Figure 4C, for example, white light
source 12 is on to obtain the reflectance image (or white
light image) at camera 32 or other sensor. The other UV
LED source is off. Then, when white light source 12 is
turned off and the UV LED source is energized, a fluo-
rescence image can be obtained.
[0052] Figure 25 shows an embodiment with an imag-
ing probe 104 having a toggle switch 83 and the corre-
sponding display 40 for each position of toggle switch
83. In one position, as shown in the upper portion of Fig-
ure 25, toggle switch 83 enables capture of fluorescence
image 120. In another position, shown in the lower portion
of Figure 25, toggle switch 83 enables capture of reflect-
ance image 122.
[0053] In an alternate embodiment, toggling in this
fashion can be accomplished automatically, such as by
control logic circuitry in communication with camera 32
or sensor in imaging apparatus 10. This arrangement
allows a single camera 32 or other sensor to obtain im-
ages of different types.
[0054] An alternate embodiment, shown in Figure 4B,
employs a polarizing beamsplitter 18 (sometimes termed
a polarization beamsplitter) as a polarizing element. In
this arrangement, polarizing beamsplitter 18 advanta-
geously performs the functions of both the polarizer and
the analyzer for image-bearing light, thus offering a more
compact solution. Tracing the path of illumination and
image-bearing light shows how polarizing beamsplitter
18 performs this function. Illumination from light source
12 is essentially unpolarized. Polarizing beamsplitter 18
transmits p-polarization, as shown by the dotted arrow
in Figure 4B, and reflects s-polarization, directing this
light to tooth 20. At the tooth 20, back-scattering depo-
larizes this light. Polarizing beamsplitter 18 treats the
back-scattered light in the same manner, transmitting the
p-polarization and reflecting the s-polarization. The re-
sulting p-polarized light can then be filtered at long-pass
filter 15, and detected at camera 30 (with suitable color
filter as was described with reference to Figure 1) or color
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camera 32. Because specular reflected light is s-polar-
ized, polarizing beamsplitter 18 effectively removes this
specular reflective component from the light that reaches
camera 30, 32.
[0055] Polarized illumination results in further improve-
ment in image contrast, but at the expense of light level,
as can be seen from the description of Figures 4A and
4B. Hence, when using polarized light in this way, it may
be necessary to employ a higher intensity light source
12. This employment of polarized illumination is particu-
larly advantaged for obtaining the reflectance image data
and is also advantaged when obtaining the fluorescence
image data, increasing image contrast and minimizing
the effects of specular reflection.
[0056] One type of polarizer 42 that has particular ad-
vantages for use in imaging apparatus 10 is the wire grid
polarizer, such as those available from Moxtek Inc. of
Orem, UT and described in U.S. Patent No. 6,122,103
(Perkins et al.) The wire grid polarizer exhibits good an-
gular and color response, with relatively good transmis-
sion over the blue spectral range. Either or both polarizer
42 and analyzer 44 in the configuration of Figure 4A could
be wire grid polarizers. Wire grid polarizing beamsplitters
are also available, and can be used in the configuration
of Figure 4B.
[0057] The method of the present disclosure takes ad-
vantage of the way the tooth tissue responds to incident
light of sufficient intensity, using the combination of flu-
orescence and light reflectance to indicate carious areas
of the tooth with improved accuracy and clarity. In this
way, the present disclosure offers an improvement upon
existing non-invasive fluorescence detection techniques
for caries. As was described in the background section
given above, images that have been obtained using flu-
orescence only may not clearly show caries due to low
contrast. The method of the present disclosure provides
images having improved contrast and is, therefore, of
more potential benefit to the diagnostician for identifying
caries.
[0058] In addition, unlike earlier approaches using flu-
orescence alone, the method of the present disclosure
also provides images that can be used to detect caries
in its very early incipient stages. This added capability,
made possible because of the perceptible back-scatter-
ing effects for very early carious lesions, extends the use-
fulness of the fluorescence technique and helps in de-
tecting caries during its reversible stages, so that fillings
or other restorative strategies might not be needed.
[0059] Referring to Figure 9, there is shown an embod-
iment of imaging apparatus 10 using polarized light from
a polarizing beamsplitter 18 and using a telecentric field
lens 24. Light source 12, typically a light source in the
blue wavelength range for exciting maximum fluores-
cence from tooth 20 provides illumination through lens
14 and onto polarizing beamsplitter 18. Here, one polar-
ization state transmits, the other is reflected. In a typical
embodiment, p-polarized light is transmitted through po-
larizing beamsplitter 18 and is, therefore, discarded. The

s-polarized light is reflected toward tooth 20, guided by
field lens 24 and an optional turning mirror 46 or other
reflective surface. Light returning from tooth 20 can in-
clude a specular reflection component and a back-scat-
tered reflection component. Specular reflectance does
not change the polarization state. Thus, for the s-polar-
ized illumination, that is, for the unwanted specularly re-
flected component, the reflected light is directed back
toward light source 12. As has been observed, back-scat-
tered reflectance undergoes some amount of depolari-
zation. Thus, some of the back-scattered reflected light
has p-polarization and is transmitted through polarizing
beamsplitter 18. This returning light maybe further con-
ditioned by optional analyzer 44 and then directed by an
imaging lens 66 to sensor 68, such as a camera, through
color filter 56. Long pass filtering (not shown in Figure 9)
could also be employed in the path of light returned from
tooth 20. Color filter 56 is used in this arrangement to
block light from the light source that was used to excite
fluorescence, since the response of the color filter array
(CFA) built inside the sensor is typically not sharp enough
to block the light from the light source in this region. In
this way, the returning light directed to sensor 68 is flu-
orescence only.
[0060] The use of telecentric field lens 24 is advan-
taged in the embodiment of Figure 9. Telecentric optics
provides constant magnification within the depth of field,
which is particularly useful for highly contoured structures
such as teeth that are imaged at a short distance. Per-
spective distortion is minimized. Telecentric field lens 24
could be a multi-element lens, represented by a single
lens symbol in Figure 9. Light source 12 may be any
suitable color, including white, blue, green, red, or near
infrared, for example. Light source 12 may also be a more
complex assembly capable of providing light at different
spectral bands, such as through the use of movable color
filters. Figure 10 shows an alternate embodiment of im-
aging apparatus 10 in which no turning mirror is used.
Instead, polarizing beamsplitter 18 is disposed in the im-
aging path between field lens 24 and tooth 20. Alternate-
ly, if no field lens is used, polarizing beamsplitter 18 is
disposed in the imaging path just before tooth 20. Light
source 12 is positioned to direct illumination through po-
larizing beamsplitter 18, so that the illumination effective-
ly bypasses field lens 24 if any. Specularly reflected light
is again discarded by means of polarizing beamsplitter
18 and analyzer 44.
[0061] The block diagram of Figure 11 shows an alter-
nate embodiment of imaging apparatus 10 in which two
separate light sources 12a and 12b are used. Light sourc-
es 12a and 12b may both emit the same wavelengths or
may emit different wavelengths. They may illuminate
tooth 20 simultaneously or one at a time. Polarizing
beamsplitter 18 is disposed in the imaging path between
field lens 24 and tooth 20, thus providing both turning
and polarization functions.
[0062] Figure 12A shows another alternate embodi-
ment, similar to that shown in Figure 11, in which each

15 16 



EP 2 061 372 B1

10

5

10

15

20

25

30

35

40

45

50

55

of light sources 12a and 12b has a corresponding polar-
izer 42a and 42b. A turning mirror could be substituted
for polarizing beamsplitter 18 in this embodiment; how-
ever, the use of both polarized illumination, as provided
from the combination of light sources 12a and 12b and
their corresponding polarizers 42a and 42b, and polariz-
ing beamsplitter 18 can be advantageous for improving
image quality. Figure 12B is another embodiment with
additional LEDs to increase the light level on the tooth or
other object. As described above, the LEDs can be white
light LEDs and/or blue LEDs. In order to achieve uniform
illumination, the arrangement of LEDs, with respect to
the tooth or other object, should be symmetric.
[0063] Figure 12C is another embodiment with an al-
ternate illumination implementation. In this embodiment,
fiber bundles are used to direct light from LEDs or other
light source to the tooth or other object. In Figure 12C,
four optical fiber bundles 49a-49d are used. Fiber bun-
dles 49a and 49b are used to deliver white light to the
object. Two polarizers 42a and 42b are placed in front of
the output surface of optical fiber bundles 49b, 49d to
create linear polarized illumination. Fiber bundles 49c
and 49d couple the light from Blue or UV LEDs or other
light sources to excite the fluorescence from the object.
[0064] Figure 19 is an alternate embodiment for the
imaging probe with two sensors 68a and 68b. One dich-
roic mirror 48 is used as a spectral separator in this em-
bodiment to direct the reflected light with different spec-
tral bands to two different sensors. For example, in one
embodiment, dichroic mirror 48 transmits light within the
visible spectrum (440nm to 650nm) and reflects UV
(<400nm) and NIR (>700nm). With this embodiment, the
imaging probe can also be employed in other applica-
tions, such as for tooth color shade matching and for soft
tissue imaging, for example.
[0065] In one embodiment, the apparatus displays a
fluorescence image, instead of a white light image, as
the live video image. This enables the operator to screen
the tooth for caries detection using fluorescence imaging
and to assess tooth condition using the white light image
for other applications. One switch is necessary, either in
the probe or in the software, so that the user can select
the live video image mode based on the application. The
switch in the probe can be a two-step button switch. With-
out pressing the button switch, the live video image is a
white light image. When the button is pressed to its half
way travel position, the fluorescence image becomes the
live video image. Both fluorescence and white light im-
ages can be captured and saved when the button is
pressed to its full travel position.
[0066] With high-speed electronics and software, two
live video images can be displayed in the monitor to the
user. Both single-sensor and dual-sensor configurations
can be used to display two live video images. In order to
obtain two live images and avoid crosstalk, the LEDs with
different wavelengths need to be switched alternately on
and off. An advantage in displaying two live video images
is that the user can compare the fluorescence and white

light image and diagnose suspicious regions of these im-
ages. Using image processing utilities described subse-
quently, a suspicious region can be highlighted automat-
ically when the fluorescence and white image are alter-
nately obtained.
[0067] One common difficulty with conventional intra-
oral cameras and caries detection image devices is that
the live video image moves in the direction opposite to
probe movement. This is due to imaging lens properties:
the image is reversed when using only one imaging lens.
Several optical methods can be applied to form the im-
age. One of the methods is to use an image relay tech-
nique, as shown in Figure 21. Image lens 222 forms an
intermediate image 224 of the object, tooth 20. The ori-
entation of intermediate image 224 is opposite to the ob-
ject 220. An image lens 226 then forms a final image 228
of intermediate image 224. The orientation of image 228
is the same as the object, tooth 20. Using this embodi-
ment, the moving direction of the final image 228 will be
the same as the probe movement. In addition, folding
mirrors can be used to change image orientation as nec-
essary. Even without such extra optical components to
change image orientation, software can manipulate the
image to correct the image orientation that is displayed
to the user.
[0068] Figures 23A and 23B are two embodiments for
image capture with auto-focusing capability. For simplic-
ity, white light LEDs and LEDs for fluorescence imaging
are not shown in Figures 23A and 23B. Light sources
250a and 250b are LEDs with integral lenses. Collimating
lenses in light sources 250a and 250b form images 252a
and 252b, respectively, onto a cross point 256 of the ob-
ject plane and optical axis. As shown in Figure 23A, when
the probe is not in the right position (indicating focus),
images 252a and 252b do not overlap. Figure 23C shows
how this is implemented in one embodiment, with tooth
20 at different positions relative to cross point 256. At left
in this figure, tooth 20 is beyond cross point 256, thus
out of focus. At right, tooth 20 is within cross point 256,
also out of focus. In the central portion of this figure, tooth
20 is positioned within focus. To achieve focus with this
arrangement, the operator simply moves the probe so
that images 252a and 252b overlap. When images 252a
and 252b overlap, the user can instruct the system to
take the images. As an alternative embodiment, auto fo-
cus can be provided. Software working with or within con-
trol circuitry 110 can detect and track the positions of
images 252a and 252b, using light detection techniques
familiar to those skilled in the imaging arts. The software
can then trigger sensor 68 or the camera to take the im-
ages once images 252a and 252b overlap.
[0069] Figure 23B is a simplified version of Figure 23A.
In this configuration, only one LED and lens 250a is used.
A crosshair 254 displays on the monitor to indicate the
center of the image and the optical axis. When images
252a align with crosshair 254, the probe is on focus. If
software is applied to track the position of image 252a,
the use of crosshair 254 or similar feature is not required.
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Embodiments Using Optical Coherence Topography 
(OCT)

[0070] Optical coherence tomography (OCT) is a non-
invasive imaging technique that employs interferometric
principles to obtain high resolution, cross-sectional tom-
ographic images of internal microstructures of the tooth
and other tissue that cannot be obtained using conven-
tional imaging techniques. Due to differences in the back-
scattering from carious and healthy dental enamel OCT
can determine the depth of penetration of the caries into
the tooth and determine if it has reached the dentin enam-
el junction. From area OCT data it is possible to quantify
the size, shape, depth, and determine the volume of car-
ious regions in a tooth.
[0071] In an OCT imaging system for living tissue, light
from a low-coherence source, such as an LED or other
light source, can be used. This light is directed down two
different optical paths: a reference arm of known length
and sample arm, which goes to the tooth. Reflected light
from both reference and sample arms is then recom-
bined, and interference effects are used to determine
characteristics of the underlying features of the sample.
Interference effects occur when the optical path lengths
of the reference and sample arms are equal within the
coherence length of the light source. As the path length
difference between the reference arm and the sample
arm is changed the depth of penetration in the sample is
modified in a similar manner. Typically in biological tis-
sues NIR light of around 1300 nm can penetrate about
3-4 mm as is the case with dental tissue. In a time domain
OCT system the reference arm delay path relative to the
sample arm delay path is alternately increased monot-
onically and decreased monotonically to create depth
scans at a high rate. To create a 2-dimensional scan the
sample measurement location is changed in a linear
manner during repetitive depth scans such as with a gal-
vanometer.
[0072] In an OCT system 80 shown in Figure 13, light
from a low-coherence light source 160, such as an LED
or other light source, can be used. This light is split and
made to travel down two different optical paths being a
reference arm 164 with a built in reference delay scanner
to alternately change its path length and a sample arm
76 that goes to the tooth by a beamsplitting and combin-
ing element 162. Reflected light from both reference and
sample arms is then recombined by beamsplitting and
combining element 162, and interference effects are
used to determine characteristics of the underlying fea-
tures of the sample. The reference arm and sample arm
pathlengths are made to be the same at some part of the
reference delay scanning operation to enable observa-
tion of interference effects. The recombined and interfer-
ing light from beamsplitting and combining element 162
is then sent to a detector and processing electronics 166
where the optical interference signal is converted to an
electrical signal which is then acquired by data acquisi-
tion hardware and computer system 168 for further

processing and display. The optical elements of OCT
system 80 are configured as an interferometer.
[0073] Still referring to Figure 13, there is shown an
embodiment of imaging apparatus 10 using both FIRE
imaging methods and OCT imaging. Light source 12, po-
larizing beamsplitter 18, field lens 24, a turning mirror 82,
imaging lens 66, and sensor 68 provide the FIRE imaging
function along an optical path as described previously.
An OCT imager 70 directs light for OCT scanning into
the optical path that is shared with the FIRE imaging com-
ponents. Light from OCT system 80 is directed through
a sample arm 76 and through a collimating lens 74 to a
scanning element 72, such as a galvanometer, for ex-
ample. A dichroic mirror 78 is transmissive to visible light
and reflective for near-IR and longer wavelengths. This
sample arm light is then directed from dichroic mirror 78
to tooth 20 through the optical system that includes a
scanning lens 84 and field lens 24. Field lens 24 is not
required for non-telecentric OCT scanning. Returned
light from tooth 20 travels the same optical path and is
recombined with light from the reference arm of interfer-
ometer 162.
[0074] OCT scans are 2-dimensional in the plane of
the impinging beam. Image-forming logic combines ad-
jacent lines of successive 2-dimensional scans (length
along the galvanometer scan line and depth) to form a
multi-dimensional volume image of the sample (tooth)
structure, including portions of the tooth that lie beneath
the surface.
[0075] For OCT imager 70, the light provided is con-
tinuous wave low coherence or broadband light, and may
be from a source such as a super luminescent diode,
diode-pumped solid-state crystal source, or diode-
pumped rare earth-doped fiber source, for example. In
one embodiment, near-IR light is used, such as light hav-
ing wavelengths near 1310 nm, for example.
[0076] While the OCT scan is a particularly powerful
tool for helping to show the condition of the tooth beneath
the surface, it can be appreciated that this type of detailed
information is not needed for every tooth or for every
point along a tooth surface. Instead, it would be advan-
tageous to be able to identify specific areas of interest
and apply OCT imaging to just those areas. Referring to
Figure 14A, there is shown a display of tooth 20. An area
of interest 90 can be identified by a diagnostician for OCT
scanning. For example, using operator interface tools at
processing apparatus 38 and display 40 (Figures 1-3),
an operator can outline area of interest 90 on display 40.
This could be done using a computer mouse or some
type of electronic stylus as a pointer, for example. The
OCT scan can then be performed when a probe or other
portion of imaging apparatus 10 of Figure 13 is brought
into the proximity of area of interest 90. Referring to Fig-
ure 14B, there is shown a typical image from OCT data
92 in one embodiment.
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Probe Embodiment

[0077] The components of imaging apparatus 10 of the
present disclosure can be packaged in a number of ways,
including compact arrangements that are designed for
ease of handling by the examining dentist or technician.
Referring to Figure 15, there is shown an embodiment
of a hand-held dental imaging apparatus 100 according
to the present disclosure. Here, a handle 102, shown in
phantom outline, houses light source 12, sensor 68, and
their supporting illumination and imaging path compo-
nents. A probe 104 attaches to a handle 102 and may
act merely as a cover or, in other embodiments, support
lens 22 and turning mirror 46 in proper positioning for
tooth imaging. Control circuitry 110 can include switches,
memory, and control logic for controlling device opera-
tion. In one embodiment, control circuitry 110 can simply
include one or more switches for controlling components,
such as an on/off switch for light source 12. Control cir-
cuitry 110 can be a microprocessor in the probe or ex-
ternally connected, configured with programmed logic for
controlling probe functions and obtaining image data. Op-
tionally, the function of control circuitry 110 can be per-
formed at processing apparatus 38 (Figures 1-3). In other
embodiments, control circuitry 110 can include sensing,
storage, and more complex control logic components for
managing the operation of hand-held imaging apparatus
100. Control circuitry 110 can connect to a wireless in-
terface 136 for connection with a communicating device,
such as computer workstation or server, for example.
Figure 18 shows an imaging system 150 using wireless
transmission. Hand-held imaging apparatus 100 obtains
an image upon operator instruction, such as with the
press of a control button, for example. The image can
then be sent to a control logic processor 140, such as a
computer workstation, server, or dedicated microproces-
sor based system, for example. A display 142 can then
be used to display the image obtained. Wireless connec-
tion of hand-held imaging apparatus 100 can be advan-
tageous, allowing imaging data to be obtained at
processing apparatus 38 without the need for hardwired
connection. Any of a number of wireless interface proto-
cols could be used, such as Bluetooth data transmission,
as one example.
[0078] Dental imaging apparatus 100 may be config-
ured differently for different patients, such as having an
adult size and a children’s size, for example. In one em-
bodiment, removable probe 104 is provided in different
sizes for this purpose. Alternately, probe 104 could be
differently configured for the type of tooth or angle used,
for example. Probe 104 could be disposable or could be
provided with sterilizable contact components. Probe
104 could also be adapted for different types of imaging.
In one embodiment, changing probe 104 allows use of
different optical components, so that a wider angle im-
aging probe can be used for some types of imaging and
a smaller area imaging probe used for single tooth caries
detection. One or more external lenses could be added

or attached to probe 104 for specific imaging types.
[0079] Probe 104 could also serve as a device for dry-
ing tooth 20 to improve imaging. In particular, fluores-
cence imaging benefits from having a dry tooth surface.
In one embodiment, as shown in Figure 15, a tube 106
providing an outlet for directing pressurized air or other
drying gas from a pressurized gas source 81 onto tooth
20 is provided as part of probe 104. Probe 104 could
serve as an air tunnel or conduit for pressurized air; op-
tionally, separate tubing could be required for this pur-
pose.
[0080] Figure 16 shows an embodiment of hand-held
imaging apparatus 100 having a display 112. Display 112
could be, for example, a liquid crystal (LC) or organic
light emitting diode (OLED) display that is coupled to han-
dle 102 as shown. A displayed image 108 could be pro-
vided for assisting the dentist or technician in positioning
probe 104 appropriately against tooth 20. Using this ar-
rangement, a white light source is used to provide the
image on display 112 and remains on unless FIRE im-
aging is taking place. At an operator command entry,
such as pressing a switch on hand-held imaging appa-
ratus 100 or pressing a keyboard key, the white light im-
age is taken. Then the white light goes off and the fluo-
rescence imaging light source, for example, a blue LED,
is activated. Once the fluorescence and white light im-
ages are obtained, the white light goes back on. When
using display 112 or a conventional video monitor, the
white light image helps as a navigation aid. Using a dis-
play monitor, the use of white light imaging allows the
display of an individual area to the patient.
[0081] In order to obtain an image, probe 104 can be
held in position against the tooth, using the tooth surface
as a positional reference for imaging. This provides a
stable imaging arrangement and fixed optical working
distance. This configuration yields improved image qual-
ity and consistency. Placing probe 104 directly against
the tooth has particular advantages for OCT imaging, as
described earlier, since this technique operates over a
small distance along the axis.
[0082] In order to image different surfaces of the tooth,
a folding mirror inside the probe, such as folding mirror
18 as shown in Figure 22, is typically required. One prob-
lem related to this folding mirror is the undesired fogging
of the mirror surface that often can occur. A number of
methods are used in intraoral cameras to address this
fogging problem. For example, in one embodiment, the
mirror is heated so that its temperature approximates the
temperature of the mouth. One drawback with this ap-
proach is that it requires an added heating element and
current source for the heating element. In another em-
bodiment of the present disclosure, an anti-fog coating
is applied as a treatment to the mirror surface. With this
arrangement, no additional components are required.
Another embodiment is to bond an anti-fog film to the
mirror surface.
[0083] The embodiments shown in Figures 11 and
12A-12C use LEDs as light sources 12a, 12b to illuminate
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tooth 20 directly, without any light-shaping optical ele-
ment. Since the divergent angle of the light from LED is
usually large, a sizable portion of the emitted light strikes
the inner surface of the probe, as shown in Figure 22.
The large angle rays 240a, 240b and 240c in Figure 22
hit the inner surface of the probe. If the probe inner sur-
face is designed to be absorptive, the light hitting the
surface is absorbed and does not reach tooth 20. In one
embodiment, the inner surface of the probe is reflective,
so that the light incident on this surface is reflected and
eventually reaches the tooth. There are two advantages
with this design. One advantage is increased efficiency,
since all of the light reaches tooth 20 except for some
absorption loss. Another advantage relates to the uni-
formity of the illumination on tooth 20. With a reflective
inner surface, the probe operates as a light pipe. This
integrates the light spatially and angularly, and provides
uniform illumination to the tooth.

Imaging Software

[0084] One method for reducing false-positive read-
ings or, similarly, false-negative readings, is to correlate
images obtained from multiple sources. For example, im-
ages separately obtained using x-ray equipment can be
combined with images that have been obtained using
imaging apparatus 10 of the present disclosure. Imaging
software, provided in processing apparatus 38 (Figures
1-3) allows correlation of images of tooth 20 from different
sources, whether obtained solely using imaging appara-
tus 10 or obtained from some combination of devices
including imaging apparatus 10.
[0085] Referring to Figure 17, there is shown, in block
diagram form, a processing scheme using images from
multiple sources. A fluorescence image 120, a reflect-
ance image 122, and a white light image 124 are obtained
from imaging apparatus 10, as described earlier. An x-
ray image 130 is obtained from a separate x-ray appa-
ratus. Image correlation software 132 takes two or more
of these images and correlates the data accordingly to
form a composite image 134 from these multiple image
types. Composite image 134 can then be displayed or
used by automated diagnosis software in order to identify
regions of interest for a specific tooth. In one embodi-
ment, the images are provided upon operator request.
The operator specifies a tooth by number and, optionally,
indicates the types of image needed or the sources of
images to combine. Software in processing apparatus
38 then generates and displays the resultant image.
[0086] As one example of the value of using combined
images, white light image 124 is particularly useful for
identifying stained areas, amalgams, and other tooth
conditions and treatments that might otherwise appear
to indicate a caries condition. However, as was described
earlier, the use of white light illumination is often not suf-
ficient for accurate diagnosis of caries, particularly in its
earlier stages. Combining the white light image with some
combination that includes one or more of fluorescence

and x-ray images helps to provide useful information on
tooth condition. Similarly, any two or more of the four
types of images shown in Figure 17 could be combined
by image correlation software 132 for providing a more
accurate diagnostic image.
[0087] Imaging software can also be used to help min-
imize or eliminate the effects of specular reflection. Even
where polarized light components can provide some
measure of isolation from specular reflection, it can be
advantageous to eliminate any remaining specular ef-
fects using image processing. Data filtering can be used
to correct for unwanted specular reflection in the data.
Information from other types of imaging can also be used,
as is shown in Figure 17. Another method for compen-
sating for specular reflection is to obtain successive im-
ages of the same tooth at different light intensity levels,
since the relative amount of specular light detected would
increase at a rate different from light due to other effects.
[0088] Another key feature of the image processing
software is to enhance the image obtained and automat-
ically highlight suspicious areas such as white spots. Fig-
ure 20 shows the flowchart for image processing work-
flow. As the first step 202, the software reads white light
and fluorescence images. The software then analyzes
the contents in different color planes in white light and
fluorescence images in a step 204. With the information
obtained from the white light and fluorescence images,
different image processing algorithms such as color ren-
dering, contrast enhancement, and segmentation, can
be applied to enhance the image in steps 206 and 208.
Some of the algorithms are discussed earlier with relation
to image processing. Also, image processing algorithms
can be used to identify the nature of each region, based
on the color information in each color plane, and to high-
light each region automatically in an enhancement step
210. As a final step 212, the tooth information, such as
the size, shape and status of the suspicious area, can
be extracted and displayed to the dental professionals.
[0089] For example, various types of light sources 12
could be used, with various different embodiments em-
ploying a camera or other type of image sensor. While a
single light source 12 could be used for fluorescence ex-
citation, it may be beneficial to apply light from multiple
incident light sources 12 for obtaining multiple images.
Referring to the alternate embodiment of Figure 8, light
source 12 might be a more complex assembly that in-
cludes one light source 16a for providing light of appro-
priate energy level and wavelength for exciting fluores-
cent emission and another light source 16b for providing
illumination at different times. The additional light source
16b could provide light at wavelength and energy levels
best suited for back-scattered reflectance imaging. Or, it
could provide white light illumination, or other multicolor
illumination, for capturing a white light image or multicolor
image which, when displayed side-by-side with a FIRE
image, can help to identify features that might otherwise
confound caries detection, such as stains or hypo calci-
fication. The white light image itself might also provide
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the back-scattered reflectance data that is used with the
fluorescence data for generating the FIRE image. Sup-
porting optics for both illumination and image-bearing
light paths could have any number of forms. A variety of
support components could be fitted about the tooth and
used by the dentist or dental technician who obtains the
images. Such components might be used, for example,
to appropriately position the light source or sensing ele-
ments or to ease patient discomfort during imaging.
[0090] Thus, what is provided is an apparatus and
method for caries detection at early and at later stages
using combined effects of back-scattered reflectance
and fluorescence.

PARTS LIST

[0091]

10 imaging apparatus
12 light source
12a light source
12b light source
13 diffuser
14 lens
15 filter
16a light source
16b light source
17 filter
18 polarizing beamsplitter
20 tooth
22 lens
24 field lens
26 filter
28 filter
30 camera
32 camera
34 beamsplitter
38 processing apparatus
40 display
42 polarizer
42a polarizer
42b polarizer
44 analyzer
46 turning mirror
48 dichroic mirror
49a fiber bundle
49b fiber bundle
49c fiber bundle
49d fiber bundle
50 fluorescence image
52 reflectance image
54 white-light image
56 filter
58 carious region
60 FIRE image
62 threshold image
64 enhanced threshold FIRE image
66 lens

68 sensor
68a sensor
68b sensor
70 OCT imager
72 scanning element
74 lens
76 sample arm
78 dichroic mirror
80 OCT system
81 gas source
82 mi rror
83 switch
84 scanning lens
90 area of interest
92 OCT data
96 filter curve
98 white light curve
100 imaging apparatus
102 handle
104 probe
106 tube
108 image
110 control circuitry
112 display
120 fluorescence image
122 reflectance image
124 white light image
130 x-ray image
132 image correlation software
134 composite image
136 wireless interface
140 control logic processor
142 display
150 imaging system
160 light source
162 beamsplitting and combining element
164 reference arm
166 detector and processing electronics
168 data acquisition hardware and computer system
202 step
204 step
206 step
208 step
210 step
212 step
220 object (tooth)
222 lens 1
224 intermediate image
226 lens 2
228 final image
240a ray
240b ray
240c ray
250a light source
250b light source
252a image
252b image
254 crosshair
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256 cross point

Claims

1. An apparatus (10) for imaging a tooth (20) using flu-
orescence imaging with reflectance enhancement,
the apparatus (10) comprising:

(i) at least one light source (12, 12a, 12b) adapt-
ed to provide incident light to the tooth (20), the
incident light having a first spectral range for ob-
taining a back-scattered reflectance image of
the tooth (20) and a second spectral range for
exciting a fluorescence image of the tooth (20);
(ii) a sensor (68) adapted to sense the said im-
ages;
(iii) a polarizer (42) in the path of the incident
light and disposed to direct light having the first
polarization state toward the tooth (20);
(iv) an analyzer (44) disposed in a return path
to direct image bearing light from the tooth (20)
having the second polarization state to the sen-
sor (68), wherein the second polarization state
is orthogonal to the first polarization state;
(v) a lens (66) positioned in the return path to
direct image-bearing light from the tooth (20) to-
ward the sensor (68) for obtaining back-scat-
tered reflectance image data and fluorescence
image data from the portion of the light having
the second polarization state; and
(vi) a long-pass filter (15, 56) in the return path,
to attenuate light in the second spectral range
and to transmit light in the first spectral range.

2. An apparatus (10) for imaging a tooth (20) using flu-
orescence imaging with reflectance enhancement,
the apparatus (10) comprising:

(i) two light sources (12) adapted to provide in-
cident light along respective paths to the tooth
(20), the first light source (12) being adapted to
provide incident light having having a first spec-
tral range for obtaining a back scattered reflect-
ance image of the tooth (20) and the second
light source (12) being adapted to provide a sec-
ond spectral range for exciting a fluorescence
image of the tooth (20);
(ii) a sensor (68) adapted to sense the said im-
ages;
(iii) a polarizer (42) in the path of the incident
light of the first spectral range to direct light hav-
ing the first polarization state toward the tooth
(20);
(iv) an analyzer (44) disposed in a return path
to direct image bearing light from the tooth (20)
having the second polarization state to the at
least one sensor (68), wherein the second po-

larization state is orthogonal to the first polari-
zation state;
(v) a lens (66) positioned in the return path to
direct image-bearing light from the tooth (20) to-
ward the sensor (68) for obtaining back-scat-
tered reflectance image data and fluorescence
image data from the portion of the light having
the second polarization state; and
(vi) a long-pass filter (15) in the return path, to
attenuate light in the second spectral range and
to transmit light in the first spectral range.

3. The apparatus (100) of claim 1 or 2, further compris-
ing a handle portion (102) for handling and position-
ing by an operator;
a probe portion (104), separable from the handle por-
tion, for placement in the proximity of the tooth; and
said components (i) to (vi) constituting an optical sub-
system, said optical subsystem being housed within
the handle and probe portions.

4. The apparatus according to any of Claims 1, 2 and
3 wherein the lens is telecentric (24) in object space.

5. The apparatus according to any of Claims 1, 2 and
3, further characterized by an interferometer sys-
tem (80) coupled along the return path for obtaining
an image of a portion of the tooth using optical co-
herence tomography.

6. The apparatus according to any of Claims 1, 2 and
3, further characterized by a second lens (226) for
imaging an intermediate image formed by the first
lens onto the at least one sensor.

7. The apparatus according to any of Claims 1, 2 and
3, further characterized by a folding mirror (46) to
direct incident light to the tooth.

Patentansprüche

1. Eine Vorrichtung (10) zum Abbilden eines Zahnes
(20), die Fluoreszenzabbildung mit Reflexionsbild-
kontrastverstärkung nutzt, wobei die Vorrichtung
(10) Folgendes aufweist:

(i) wenigstens eine Lichtquelle (12, 12a, 12b),
die geeignet ist zum Vorsehen von einfallendem
Licht auf den Zahn (20), wobei das einfallende
Licht einen ersten Spektralbereich zum Erhalten
eines Rückstreureflexionsbildes des Zahnes
(20) besitzt, und einen zweiten Spektralbereich
zum Erregen eines Fluoreszenzbildes des Zah-
nes (20);
(ii) ein Sensor (68), der geeignet ist zum Abfüh-
len der Bilder;
(iii) ein Polarisator (42) in dem Pfad des einfal-
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lenden Lichts und angeordnet zum Lenken von
Licht, das den ersten Polarisationszustand be-
sitzt, in Richtung des Zahnes (20);
(iv) ein Analysator (44), der in einem Rückführ-
pfad angeordnet ist, zum Lenken von bildtragen-
dem Licht von dem Zahn (20), der den zweiten
Polarisationszustand besitzt, zu dem Sensor
(68), wobei der zweite Polarisationszustand or-
thogonal zu dem ersten Polarisationszustand
ist;
(v) eine Linse (66), die in dem Rückführpfad an-
geordnet ist, zum Lenken von bildtragendem
Licht von dem Zahn (20) zu dem Sensor (68)
zum Erlangen von Rückstreureflexionsbildda-
ten und Fluoreszenzbilddaten von dem Teil des
Lichts, das den zweiten Polarisationszustand
besitzt; und
(vi) ein Langpass-Filter (15, 56) in dem Rück-
führpfad zum Abschwächen von Licht in dem
zweiten Spektralbereich und zum Übermitteln
von Licht in dem ersten Spektralbereich.

2. Vorrichtung (10) zum Abbilden eines Zahnes (20),
die Fluoreszenzabbildung mit Reflexionsbildkon-
trastverstärkung nutzt, wobei die Vorrichtung (10)
Folgendes aufweist:

(i) zwei Lichtquellen (12), die geeignet sind zum
Bereitstellen von einfallendem Licht entlang ent-
sprechender Pfade zu dem Zahn (20), wobei die
erste Lichtquelle (12) geeignet ist zum Bereit-
stellen von einfallendem Licht, das einen ersten
Spektralbereich besitzt zum Erlangen eines
Rückstreureflexionsbildes des Zahnes (20), und
wobei die zweite Lichtquelle (12) geeignet ist
zum Bereitstellen eines zweiten Spektralbe-
reichs zum Erregen eines Fluoreszenzbildes
des Zahnes (20);
(ii) ein Sensor (68), der geeignet ist zum Abfüh-
len der Bilder;
(iii) ein Polarisator (42) in dem Pfad des einfal-
lenden Lichts des ersten Spektralbereichs zum
Lenken von Licht, das den ersten Polarisations-
zustand besitzt, in Richtung des Zahnes (20);
(iv) ein Analysator (44), der in einem Rückführ-
pfad angeordnet ist, zum Lenken von bildtragen-
dem Licht von dem Zahn (20), der den zweiten
Polarisationszustand besitzt, zu dem wenigs-
tens einen Sensor (68), wobei der zweite Pola-
risationszustand orthogonal zu dem ersten Po-
larisationszustand ist;
(v) eine Linse (66), die in dem Rückführpfad an-
geordnet ist, zum Lenken von bildtragendem
Licht von dem Zahn (20) zu dem Sensor (68)
zum Erlangen von Rückstreureflexionsbildda-
ten und Fluoreszenzbilddaten von dem Teil des
Lichts, das den zweiten Polarisationszustand
besitzt; und

(vi) ein Langpass-Filter (15) in dem Rückführ-
pfad zum Abschwächen von Licht in dem zwei-
ten Spektralbereich und zum Übermitteln von
Licht in dem ersten Spektralbereich.

3. Vorrichtung (100) gemäß Anspruch 1 oder 2, die fer-
ner Folgendes aufweist:

einen Handgriffteil (102) zur Handhabung und
Positionierung durch einen Bediener;
einen Sondenteil (104), der trennbar von dem
Handriffteil (102) ist zum Platzieren in der Nähe
des Zahnes; und
die Komponenten (i) bis (vi), die ein optisches
Sub-System bilden, wobei das optische Subsys-
tem innerhalb der Handgriff- und Sondenteile
untergebracht ist.

4. Vorrichtung nach einem der Ansprüche 1, 2 und 3,
wobei die Linse im Objektraum telezentrisch (24) ist.

5. Vorrichtung gemäß einem der Ansprüche 1, 2 und
3, die ferner durch ein Interferometer-System (80)
gekennzeichnet ist, das entlang dem Rückführpfad
gekoppelt ist zum Erlangen eines Bildes von einem
Teil des Zahnes durch Nutzung optischer Kohärenz-
Tomografie.

6. Vorrichtung gemäß einem der Ansprüche 1, 2 und
3, die ferner durch eine zweite Linse (226) gekenn-
zeichnet ist zum Abbilden eines Zwischenbildes, das
von der ersten Linse auf den wenigstens einen Sen-
sor ausgebildet wird.

7. Vorrichtung gemäß einem der Ansprüche 1, 2 und
3, die ferner durch einen Klappspiegel (46) zum Len-
ken von einfallendem Licht zu dem Zahn gekenn-
zeichnet ist.

Revendications

1. Dispositif (10) pour capturer une image de dent (20)
en utilisant une imagerie à fluorescence avec ren-
forcement de réflectance, le dispositif (10)
comprenant :

(i) au moins une source de lumière (12, 12a,
12b) adaptée à fournir de la lumière incidente
sur la dent (20), la lumière incidente ayant une
première plage spectrale pour obtenir une ima-
ge de réflectance rétrodiffusée de la dent (20)
et une deuxième plage spectrale pour exciter
une image de fluorescence de la dent (20) ;
(ii) un capteur (68) adapté à détecter les
images ;
(iii) un polariseur (42) dans le chemin de la lu-
mière incidente et disposé de manière à diriger
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de la lumière ayant le premier état de polarisa-
tion vers la dent (20) ;
(iv) un analyseur (44) disposé dans un chemin
de retour pour diriger de la lumière portantune
image provenant de la dent (20) ayant le deuxiè-
me état de polarisation vers le capteur (68), le
deuxième état de polarisation étant orthogonal
au premier état de polarisation ;
(v) une lentille (66) disposée dans le chemin de
retour pour diriger de la lumière portant une ima-
ge de la dent (20) vers le capteur (68) pour ob-
tenir des données d’image de réflectance rétro-
diffusée et des données d’image de fluorescen-
ce à partir de la portion de la lumière ayant le
deuxième état de polarisation ; et
(vi) un filtre passe-long (15, 56) dans le chemin
de retour, pour atténuer la lumière de la deuxiè-
me plage spectrale et pour transmettre la lumiè-
re de la première plage spectrale.

2. Dispositif (10) pour capturer une image de dent (20)
en utilisant une imagerie à fluorescence avec ren-
forcement de réflectance, le dispositif (10)
comprenant :

(i) deux sources de lumière (12) adaptées à four-
nir de la lumière incidente suivant des chemins
respectifs vers la dent (20), la première source
de lumière (12) étant adaptée à fournir de la lu-
mière incidente ayant une première plage spec-
trale pour obtenir une image de réflectance ré-
trodiffusée de la dent (20) et la deuxième source
de lumière (12) étant adaptée à fournir une
deuxième plage spectrale pour exciter une ima-
ge de fluorescence de la dent (20) ;
(ii) un capteur (68) adapté à détecter lesdites
images ;
(iii) un polariseur (42) dans le chemin de la lu-
mière incidente de la première plage spectrale
pour diriger de la lumière ayant le premier état
de polarisation vers la dent (20) ;
(iv) un analyseur (44) disposé dans un chemin
de retour pour diriger de la lumière portant une
image de la dent (20) ayant le deuxième état de
polarisation vers ledit au moins un capteur (68),
le deuxième état de polarisation étant orthogo-
nal au premier état de polarisation ;
(v) une lentille (66) disposée dans le chemin de
retour pour diriger de la lumière portant une ima-
ge à partir de la dent (20) vers le capteur (68)
pour obtenir des données d’image de réflectan-
ce rétrodiffusée et des données d’image de fluo-
rescence à partir de la portion de la lumière
ayant le deuxième état de polarisation ; et
(vi) un filtre passe-long (15) dans le chemin de
retour, pour atténuer la lumière de la deuxième
plage spectrale et pour transmettre la lumière
de la première plage spectrale.

3. Dispositif (100) selon la revendication1 ou 2, com-
prenant en outre une portion de poignée (102) des-
tinée à une tenue en main et un positionnement par
un opérateur ;
une portion de sonde (104), séparable de la portion
de poignée, destinée à être placée à proximité de la
dent ; et
lesdits composants (i) à (vi) constituant un sous-sys-
tème optique, le sous-système optique étant logé
dans l’une des portions de poignée et de sonde.

4. Dispositif selon l’une quelconque des revendications
1, 2 et 3, dans lequel la lentille est télécentrique (24)
dans l’espace objet.

5. Dispositif selon l’une quelconque des revendications
1, 2 et 3, caractérisé en outre par un système d’in-
terféromètre (80) couplé dans le chemin de retour
pour obtenir une image d’une portion de la dent en
utilisant une tomographie en cohérence optique.

6. Dispositif selon l’une quelconque des revendications
1, 2 et 3, caractérisé en outre par une deuxième
lentille (226) pour capturer une image intermédiaire
formée par la première lentille sur ledit au moins un
capteur.

7. Dispositif selon l’une quelconque des revendications
1, 2 et 3, caractérisé en outre par un miroir pliant
(46) destiné à diriger de la lumière incidente vers la
dent.
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摘要(译)

一种用于获得牙齿图像的设备，其具有至少一个光源，该光源提供具有
第一光谱范围的入射光，用于从牙齿获得反射图像（122），以及第二光
谱范围，用于从牙齿激发荧光图像（120） 。来自两个光源的入射光路
径中的偏振分束器（18）将具有第一偏振态的光导向牙齿，并将来自具
有第二偏振态的牙齿的光沿返回路径导向传感器（68），其中第二偏振
态与第一偏振态正交。返回路径中的第一透镜（22）将来自齿的带图像
的光导向传感器（68），并从具有第二偏振态的光的一部分获得图像数
据。返回路径中的长通滤波器（15）衰减第二光谱范围内的光。
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