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this problem. A novel biothermophotonic technique has been introduced,
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Thus, PTR has the ability to penetrate, and yield information about, an
opaque medium well beyond the range of optical imaging. Specifically, the
frequency dependence of the penetration depth of thermal waves makes it
possible to perform depth profiling of materials. In PTR applications to turbid
media, such as hard dental tissue, depth information is obtained following
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a hand held probe head, and a flexible optical fiber bundle having a
distal end connected to said hand held probe head, said optical fiber bundle
including a first optical fiber having a proximal end in optical communication
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optical fiber having a proximal end in optical communication with a light

source which emits at said at least one wavelength, and a distal end
terminated at said hand held probe head for transmitting light from said light
source to a patient’s dental tissue by a clinician handling said hand held probe
head, said optical fiber bundle including a plurality of multi-mode optical fibers
having distal ends terminated at said hand held probe head and proximal
ends optically coupled to said detection means, a first pre-selected number of
said multi-mode optical fibers being near-infrared-transmitting optical fibers for

transmitting said modulated luminescence signals to said detection means,
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In one aspect, the present method comprises

irradiating the tooth surface with an excitation source (laser) of suitable
emission wavelength in the near-uitraviolet - visible — near infrared spectral

range;
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remove tooth structure for the placement of materials,

prepare the tooth using known principles of tooth preparation
design using conventional burs, ultrasonic energy, lasers or other devices for
tooth preparatidn,

cure or set a filling material in the tooth preparation restoring the
tooth to form and function, using suitable laser-fluence delivery protocols
through pulse-waveform engineering, for precise, optimized control of optical
radiation delivery and thermal energy generation.

if the data and clinical expertise indicates the presence of

demineralization, providing the ability to treat the tooth by using lasers to:

alter the surface or subsurface using a laser,

alter the surface or subsurface to allow the uptake of various
media to enhance remineralization, |
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simultaneous frequency domain infrared photothermal radiometry and
frequency domain luminescence instrument for teeth defect detection with
added rotational degrees of freedom for the excitation source for inspecting
tooth surfaces at various angles according to the present invention;

FIG. 2a shows top (biting or occlusal) surface and cross sectional
pictures at each measurement point, F1, F2, F3 and F4 of a typical carious
lesions in the pits and fissures of a human tooth sample;

FIG. 2b illustrates typical PTR and LUM responses in the frequency-
domain for healthy and carious spots on a human tooth shown in FIG. 2a
using 659-nm, 50mW semiconductor laser excitation:

FIG. 3a illustrates a spatially scanned line across the interproximal
contact points of two teeth;
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DETA!LED DESCRIPTION OF THE INVENTION

The current mventlon is based on low-fluence photothermal radiometric
detection and modulated luminescence microscopy, which detects the
emission of infrared radiation from a heated region c;f the sample without
thermally altering it. A temperature oscillation due to moduiated heating
causes a variation in the thermal emissions, which is monitored using an
infrared detector. The temperature modulation allows for thermal energy to
reach the surface diffusively (or conductively) from a depth 1.(r) =2 ,,W

approximately equal to a thermal wavelength, where a is the material thermal
diffusivity [cm*/s] and fis the |laser beam modulation frequency. In addition,
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wevlerehglobs filtevoll (.deOriel 1345, tdutan wavelength: 715 nm) is placed
in front of the photodetector 38 for luminescence to block laser light reflected
or scatiered by the tooth or root surface or interproximal contact surfaces of
the teeth 22. No luminescence data were possible under 830-nm excitation,
since photoluminescence emission requires irradiation with higher photons
than the peaks of luminescence at ca. 636, 673 and 700nm [R. Hibst, K.
Konig, “Device for Detecting Dental Caries,” U.S. Pat. 5,306,144 (1994)]. We
tested 695-nm and 725-nm filters as well as a 715-nm filter and found the
715-nm fitter is optimal for cutting off the laser source (659 nm) and cutting on
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Figure 2 shows a mandibular second premolar illustrating the typical
diagnostic and detection ability of PTR and LUM. The tooth had a
DIAGNOdent reading of maximum 10 and average visual inspection ranking
of 2.2 indicating that a clinician would need to watch or monitor the fissures.
There was no indication on the radiographs of any caries being present.
Nevertheless, PTR and LUM signals, including all information from the
amplitude and phase responses over the entire frequency scan (1 Hz ~ 1

kHz), indicated that measurement spots F2 and F3 have caries into dentin.




reference. The apparatus in Figure 1 provides an
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degr ees of freedom Figure 2 shows a mandi bul ar

S I t

> BARBoRA CGBeRlatioh géﬁl{saéﬂ Diiha il fdeed! HRODAS o these
Dhﬁ@ﬁhmesw@kasrfgr pémtrﬁb mum 10 and aver age Vi sual

el ni oF i SB AR At A 1airs F B Mol it Boure geometr,

f aAglerafshe mbbtr &f thadissureiondhe diréadion of thmsuasd basy mpibave

of cari.es ' [ , t PT .

e agaaon ot ETafafd EOR bionds) e TR BRI & ¥ in

f Fizcjurbtziﬂsaamdv@ s BediBfandemdiie Pdmﬁ‘nm&tali@shows clear
requency sca ndi cated t .

wésg%fﬂléfﬁ&mm %ﬁ?o‘s%a"ﬁi %‘?é "r"tg‘er&@é TEQVeHY PRYS gré}‘ﬁ fare

1aiusﬂht%§ th@%ﬁﬂ' proMSMeHR! Alitict &F FPH'RS 1A ke edsd Sithe kfﬂnﬁed

is, indeed, the case for these lgg ints,

il cpopws isrs Tiavas UwBIMGtact b e B3 TaadT BRGI rsgch a
o?f YeRGRe CAAbu IediH BrBBd BRhMYsurfadd Hyer, BuctSeiedy A much

_ he fissure or ‘the direction of the fissure base
nilyickenhealthysubsairigen enameblayef. PTR and LUM signal s.

The PTR ,%gﬁiéﬁ eﬁ%ﬁ {q}oﬂtﬂﬁase ROMIGGal 44 £ :ﬁhiﬁiﬁetéﬁefaus

heal t hy so shows clear
d evithint ﬂmeélebﬂbyrbamahlew fﬁmuebaﬁé asnexmeteﬁ ifigm thedgog theymal

- BEtorgehd SEih miogty BidtRE e hpAIEREA SO 1ARTE e

c anrioussurfasiayerks aperturbbiion tedhedigngl. t A¢ highdretmencies,

1 BPReue R (shodl hsfal Y Rogl s AR R i e Barious
t l@u&hﬁ lahecdid) psazsult] the @ TEhphade érageges bleinw therteraitby
t he se of rgol(qﬁéPTR S.i f or in Fi

ure
t Bend 5Bars fa 50 Fiz anEIP R eRliapes o tns Farol defs R and Fa.
- exppat@slef hemrddienty agdéﬁmtuf@rronﬂm&ﬁesltwmbémgﬁmbe used to
whi ¢ch nostly probes the healt anel ﬁ‘% gi@r ¢
¢ Retimaie the icknrsRl dhe ﬁ?’é‘?"'sefé‘ oo 4 Bt B Hves o
S 'ti%‘ﬁéaltf’@tfsbbmtf HRABBASHSHithin th@weeahy bahi@ coshitaiing the
thermal diffusion length lies nostly within the

c histelogicalahspa@liongyer and, as a result, the PTR
phase ﬁﬂ?ﬁgﬁﬁ) Qﬁe%’ﬁ"l"?@aﬁtﬁﬁbhﬂ“é’s cHRAHABAIR 7 dlé@‘ldﬂﬁc

and joins t ases e carious spots F2 and
| teghmiques@#Eind, comwre theero épmbiped gag §ep@nate1y)rt@ theie

h%%‘h&é}%oﬂsmoﬁéﬁ s@?\sfﬁ‘ﬂgs LRd specificities were calculated at two

different thresholds (D2) and (D3) as defined in Table 1 for all the diagnostic

methods. While the PTR and LUM signals were taken from all 280 occlusal
measurement points, only 1 or 2 points on each tooth were assessed by the
other examination methods. '

Therefore, each calculation only used the corresponding measurement
points. To create suitable criteria for assessing the carious state via PTR and
LUM, the general characteristics of the respective signals and their converting
equations, listed in Table 2 were used. Those characteristics were
established from the experimental results of the frequency scans with carious
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Using these features, characteristic (converting) equations were
generated from the plots to yield numeric values defining the state of the teeth
as listed in Table 2. In addition, out of the entire frequency scan, each signal
(PTR and LUM amplitude and phase) was examined at 3 or 4 frequencies

- whether it deviated from the healthy norm band, and the number of points that

deviated from this band was counted. After calculating all these values, each
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improved by introducmg fiber-optics as described in Figure 5.

Figure 3 iflustrates a sample result of interproximal spatial scans of
mechanical hole detection. The samples were stored in saline solution and
removed from the container just before the experiments, rinsed thoroughly
with tap water for more than 20 seconds, and then left in air for 20 minutes to
be dried properly. After the experiments, these samples were immediately
placed in the container. Each pair of teeth was mounted on the LEGO bricks
and was scanned at 30Hz from the left to right across the interproximal



exhi bi ted poor sensitivities (0.29 at D2 and 0.36 at
D3) and high specificities (1.00 at D2 0.85 at D3).
The continuous (dc) |um nescence nmethod (DI AGNOdent)
showed sensitivities of 0.60 at D2 and 0.76 at D3;
specificities were 0.78 & D2 and 0.85 at D3. From
Table 3 it should be noted, however, that a
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humidity changes. Another 7 pairs were treated with the saturated buffer
solution and examined in a similar manner except for the treatment time. Each
pair was treated over different times; for example, the first pair was treated for
only 6 hours and the last pair was treated for 30 days. The lesions created
had both mineralized surfaces and demineralized subsurfaces as is found in
early carious lesions.
The PTR signals, shown in Figure 5a and 5b at 5 Hz and 500 Hz,
respectively, increased with treatment time while the LUM signals slightly



created due to drilling and caused said signa
changes. The PTR anplitude al so showed siml ar
behavi or. The LUM anplitude and phase did not show
clear differences around the hol es because the LUM
is essentially a surface phenonenon while the PTR
delivers deep sub-surface information. LUM anplitude
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diameter core silver halide optical fibers (e.g. Ceramoptec) 98 through a multi-
channel fiber-optic coupler design (e.g. OZ Optics) which is optically coupled
to the hand held optical head 82 at the other end thereof.

The optical fiber bundle 100 terminates in an optical end section 144

which is a hand held piece mounted to a micro-positioner 140 comprised of a
3-axis translation stage and a rotation stage to hold the fiber-optic end section
144 so that one can control the position of the sample precisely with

resolution better than 5 um. This precise positioning device is for only



roomtenperature mercury-cadm umzinc-telluride
(MCZT) detector 84, and a tenperature controller 93
for the detector 84; and 3) a systemcontrol and
signal analysis unit 86. This detector 84 represents
the state-of-the-art in #hfrared technology. In
addition to the nercury-cadm um zinc-telluride (MCZT)
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Caries Using Frequency-Domain Infrared Photothermal Radiometry and
Modulated Laser Luminescence”, Caries Res. 38:497-513 (2004)]. On the
other hand, for acid etched lesions or erosions on the enamel surface incurred
after a short exposure to an enamel-etching agent, the shorter wavelength
source offers higher PTR signal contrast due to the shorter optical extinction
depth (a few micrometers). The detection and monitoring of these erosion
type lesions is another application of this technology. The diode laser driver
104 (e.g. Coherent 6060, Figure 1) is used to harmonically modulate the

semiconductor faser current (and thus the power output) at a range of 1Hz to



wavel engt h sources represent different optica
penetration depths controlled by the total
extinction coefficient associated with each

wavel ength, a function of the optical absorption and
reduced scattering coeffitgent of enanel (or other
dental tissue). Studies by the inventors using
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which may include a Germanium (Ge) photodiode, an Indium Gailium
Arsenide (InGaAs) photodiode, or a Lead Sulfide (PbS) photodiode.

A cut-on colored glass filter 134 (e.g. Oriel 51345, cut-on wavelength:
715 nm) is placed in a U~braéket 136 in frbnt of the photodetector 132 for
LUM measurements generated by the 670-nm laser, to block laser light
reflected or scattered by the tooth 120.



The laser light will be delivered to the dental
sanple or tooth 120 (for exanple a dentist using the
hand held unit 144 to illum nate a patients tooth)

t hrough placing the end of the optical fiber bundle
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layer of enamel. Using a micro-positioner 140 composed of a 3-axis
translation stage and a rotatioh stage to hold the fiber-optic bundle 100, one
will be able to control the position of the sample precisely with resolution
better than 5 pm.

As discussed above with respect to the device of Figure 1, the

modulated PTR and LUM emissions are then demodulated into photothermal -

phase and amplitude components and said modulated luminescence signals



700nm The PTR signal are therefore collected by a
concentric array of six silver halide or other
suitably transparent infrared optical fibers 98 and
will be directed to the MCZT detector 84 using
elliptic optics 142 with 2 intervening IR lens

el ements, for maxi mum IR power transm ssion. Infrared
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si gnal '?'htte gte!p”é? d%?nsgd%rl]atmg the emitted photothermal signals into
photothermal phase and amplitude components and the luminescence signals
into luminescence phase and amplitude signals is done using a lock-in
amplifier and the instrumental frequency dependence is the lock-in amplifier
response. The reference sample may bhe a known healthy portion of a tooth or
other dental tissue depending on the tissue being examined.

The apparatus of Figure 6 is very useful for examining portions of a

tooth for example, and the size of the spot is determined by core of the fiber,

the presence or absence of focusing optics at the end of the fiber (e.g. selfoc



phase and anplitude signals of a reference sanple to
obtain differences, if any, between the portion of
the dental tissue and the reference sanple and
correlating these differences with defects in the
dental tissue. Further dezhils are disclosed in
United States Patent No. 6,584, 341 issued June 24,
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Entire images from the cameras are collected at a rate at least double
that required by the sampling theorem (4 images/modutation period) and
stored in the computer, each image averaged over a suitable number of
periods. Lock-in software applied to those images yields amplitude and phase
images displayed on the computer screen by the operator. These signals from
the cameras sent to the computer 172 show two dimensional lock-in images

at the moduiation frequency of the laser.



contact with dental surface under exam nati on.

I ncreasing or decreasing the beamdianeter allows a
clinician to exam ne an occlusal fissure and negate
the influence of fissure geonetry or angulation. Wth
a wi der beam one can detZErt a signal froma w der
area of the fissure. Figure 7 illustrates a nodul ated
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appearance of white or brown spots could indicate the presence of
_demineralized or remineralized enamel lesions. Once located and stored the
clinician can then monitor changes in PTR and LUM from these areas as well
as provide the patient with a printout of the areas in question.

The conventional CCD camera 174 may be used in the dc mode for
monitoring the position and exact location of the region to be probed
photothermally. In addition, the same camera with suitable optical filters to
exclude contributions outside the LUM spectral range (700 to 850 nm}) can be

used in a modulated mode to generate LUM images at some suitable
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pulse-waveform engineering, for precise, optimized control of optical radiation
delivery and thermal energy generation.

During this process of carrying out these various corrective steps to
restore the tooth, the clinician may be monitoring the dental tissue during
these interventional alterations in the condition of the tooth by means of
combined PTR and LUM using the apparatus of Figures 6 or 7.



23 frequency as explained in the margin above; with
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As used herein, the terms “comprises”, “comprising”, “including” and
“includes” are to be construed as being inclusive and open ended, and not
exclusive. Specifically, when used in this specification includihg claims, the
terms “comprises”, “comprising”, “including” and “includes” and variations

thereof mean the specified features, steps or components are included. These



conmbi ned PTR and LUM using the apparatus of Figures 6
or 7. 24 The devices disclosed herein using conbi ned
PTR/ LUM can be conbined with other detection systens
such as Digital Fibre Optic Transillum nation

(DI FOTl), Quantitative Lag®r Fluorescence (QLF),
Optical Coherence Tonography (OCT) and or Electrica
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rem ne zation. QLF is™not capable of any depth
profilonetric exan1nat|on but can nonitor the change
in size of the lesion as long as the tooth surface
reference points do not change in their orientation.
El ectrical Caries Resistance nonitors the change in
el ectrical potential across a dry tooth surface. The
technique is described in the literature and
requires a dry field for nonitoring. It is currently
not able to provide any depth information about a
carious lesion or area of dem neralization.
Furthernmore, the current |aboratory apparatus can be
used to detect and nonitor artificially created

| esions and or natural lesions in vitro. This can
then be used to test in vitro the effects of various
techni ques, materials or substances to create
erosive lesions, demneralized lesions or artificial
carious lesions on tooth surface including the root
surface. In addition, PTR and LUM can then be used
to detect changes in these |esions induced by the-
appl i cation of various substances. PTR and LUM can be
used to detect the anount and extent of.

dem neralization and or rem neralization after the
appl i cation of various substances to the tooth or
root surface. PTR can then be conbined wth other
sensitive but destructive techni ques such as M croCT
and TMR to neasure | esion changes and provide a

vi sual representation of the lesions. [0l As used
herein, the ternms "conprises", "conprising",
"including" and "includes" are to be construed as
bei ng i nclusive and open ended, and not
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LUMonly 0.61/0.58 0.81/0.77 280 Visual Inspection
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CLAIMS: 1. Anin vitro nethod for detection of
defects in dental tissue 2ZBparated from a subject,
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radiometric signals and modulated luminescence signals are responsively
emitted from said portion of said surface of the dental surface;

b) detecting said emitted modulated luminescence signals with a first
detection means and detecting said emitted modulated photothermal
radiometric signals with a second detection means;

¢) demodulating said emitted modulated photothermal radiometric
signals into photothermal phase and amplitude components and
demodulating said modulated luminescence signals into luminescence phase

and amplitude signals; and



signals into photothermal phase and anplitude
conponents and denodul ati ng sai d nodul at ed
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Iumrhescéﬁbe signals emitted from said dental tissue to said first detection

means in addition to delivering said laser light to said dental tissue.

5. The method according to any one of the preceding claims wherein
said first detection means is one of a Silicon (Si) photodiode, a Germanium
(Ge) photodiode, an Indium Gallium Arsenide (inGaAs) photodiode, and a
Lead Suifide (PbS) photodiode.

6. The method according to any one of the preceding claims wherein

said second pre-selected number of said multi-mode optical fibers for



transm tting said photothermal radionetry signals are
silver halide nmulti-node optical fibers. 7. The

nmet hod according to any one of the preceding clains
wherein said at |east one laser |light source is two
sem conductor |asers, a fgarst of said two

sem conductor |asers emtting light with a wavel ength
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7. Th?hé'?ﬁéiﬁg? gg&&%@) LRy YR ¢FiRe ?f‘eééaﬁh ERFRE Wharein

clairnms 1n I ng Iltefing light incident on said
saidfat lestst dae deserdighbsobicedk twg seadeanduckitlasess| adirddf aid

two SEBsPAHIGEL i “aRanarionh B Bl plotf R im. and a
secdriddbsey é\ﬁiﬂir@g{iwﬁtd Wavaleppieofd3eaind beam of i ght

i ncident on the dental tissue for adjusting a size
of the area of dental tissue being imged. 11. The

L NG . ' leai .
M e e S ek
two S@hitoptatier keerabraopticdllytdupleghiay an opfidalsaiupler into said
| um nescence anplitude signals by rati oing

first pptigadfiR@F-nml anplitude signals at |east two
di fferent frequencies, ratioing |umnescence
anplitude signals at said at |least two different

9. frEaeenthed acandingtd agy andiof ther precediny clpiet iochidingal

fterfang et erorif dEstsetecft s dnking FRAEIoRTENENEa gy

j ; ifferent frequencies to cancel
scaté&?‘?cg' (t:)?tsth% ?éﬁfai fiseusl q

I ght source intensity fluctuations and
i nstrunmental frequency dependence. 12. The net hod

accordi o clajm1ll wherein.,said £ :
10. GehBamelipd §oSefind knat BRE SR IRERRSEIER Faimsnsluring
adjusting'8lstzd o <hidd behbi beligitlindibe@scorpig deral tissuddor adjusting
_monents and sai d | um nescence signals into
a sizepfithe scemobdantal fissisebeing ia@grft ude signals is done
using a software based | ock-in anplifier, and
wherein said instrunental frequency dependence is
11. | oTKe infetho® bicEb®ing teappoae of 13 piBredingt dlathswberedn sgid

to any one of the preceding clains vvher?i n T{aldd St %g
stepgif coppaingrneivdes ngewalizing said p otothermal amplitude signa

and said luminescence amplitude signals by raticing photothermal amplitude
signals at least two different frequencies, ratioing iluminescence amplitude
signals at said at least two different frequencies, and taking a difference of
photothermal phase signals at said at least two frequencies and taking a
difference of luminescence phase signals at said at least two different
frequencies to cancel effects of light source intensity fluctuations and

instrumental frequency dependence.

12.  The method according to cltaim 11 wherein said step of demoduiating
said emitted photothermal radiometric signals into photothermal phase and

amplitude components and said luminescence signals info luminescence



generating a baseline signal transfer function, H(f),
by obtaining frequency-scan data fromsaid reference
sanple with known radionetric and dynam c (ac)
| um nescence properties and frequency response; and
conparing said portion of32 surface and said known
healthy portion of a tooth by neans of ratios of
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reference sample is a known healthy portion of a tooth.

16. A method of imaging dental tissue for displaying of defects in the
dental tissue on a computer display, comprising the steps of:

a) illuminating a portion of a surface of a dental tissue with a modulated
beam of Iaser light of an effective wavelength wherein moduiated
photothermal radiometric signals and modulated luminescence signals are
responsively emitted from said portion of the dental surface;

b) detecting images of said emitted modulated photothermal

radiometric signals and said modulated luminescence signals using a



d) conparing said i mages of photothermal phase and
anplitude signals to imges of phototherml phase
and anplitude signals of a reference sanple and
conparing said i mages of | um nescence phase and
anplitude signals to inaggs of |um nescence phase
and anplitude signals of a reference sanple to
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.16 to 20 wherein said dental tissue being inaged is
light sauEGs hadng gdaser driver, and including a function génerator
synchronized with the laser driver, and wherein said step of detecting images
includes using an imaging camera connected to said function generator which
is triggered by the function generator, and wherein two dimensional amplitude
and phase images are displayed on the computer display at a modulation

frequency of the laser.

18.  The method according to claim 16 or 17 wherein said near infrared
camera is a inGaAs camera, and said mid infrared camera is a HgCdTe

camera.



22. The nethod according to any one of clainms 1 to 21
i ncluding recording inmges of the dental tissue at
wavel engths in a visible portion of the spectrum

34

19.  The method according to any on.e of claims 16 to 18 wherein the step
c) of demodulating is performed using a tock-in amplifier for demodulating
said images of emitted modutated photothermal radiometric signals into
images of photothermal phase and amplitude components and said images of
emitted modulated luminescence signals into images of luminescence phase

and amplitude signals.

-20.  The method according to any one of claims 16 to 19 including adjusting
a size of said beam of light incident on the dental tissue for adjusting a size of

the area of dental tissue being imaged.

21.  The method according to any one of claims 16 to 20 wherein said

dental tissue being imaged is an entire tooth.

22. The method according to any one of claims 1 to 21 including recording

images of the dental tissue at wavelengths in a visible portion of the spectrum.



