1 METHOD AND APPARATUS USING INFRARED PHOTOTHERMAL RADIOMETRY (PTR) AND
MODULATED LASER LUMINESCENCE (LUM) FOR DIAGNOSTICS OF DEFECTS IN TEETH
CROSS REFERENCE TO RELATED U.S PATENT APPLICATIONS This patent application
relates to U.S. provisional patent application Setial No. 60/699,878 filed on July 18, 2005 entitled
SIMULTANEOUS FREQUENCY-DOMAIN INFRARED PHOTOTHERMAL RADIOMETRY (PTR) AND
MODULATED LASERMETNATENEEARTR Tngﬁ%ﬁﬁﬂﬁmﬁ@ﬁfﬁﬁﬁmfés é)F DEFECTS IN

TEETH, filed in English, Wpﬁéﬁ%ﬁg %{Q m&%mﬁgw FNEED oF
INVENTION The present in n relates 10 an apparatus based on laserfrequency-domain
infrared photothermal radiometry (henceforth referred to as FD-PTR or simply PTR) and
frequency-domain lumisesssFErbREREE M RELATE DOEDFATRNT AR RIIYATLONS for detection of

dental defects, deminergigatign wu raminaEAle Al 0LObRRIC AT UER-Ig Bl Rgpund restorations
and caries intraorally. BACKGROUND OF THE INVENTION Nowadag(s with the widespread use of

fluoride, the prevaRiEkhg GHRRD BABiedan ubn B R Rl RBAY S BEE Y Considerably reduced,
but the developmerREGUENODYHYABEY HUFREGHBE NG TEMM RGBS IV IRARICAMETEE P ERE monitor early

demineralization og{ RERRAAFES S RER! JANESEREESUTAREAPFIeRipLIEBsIations is essential for
the clinical management of this lothe hatonic technigue has been introduced,
based on the mod fé@ﬂ?éi##\%ﬁ%%%gg %O&ﬁ%%noﬁ Ef%%‘c nr%{ﬁ?éit%%ﬁﬂ%sponse of a turbid
medium, resulting ifcrpesaitstiorreindoistatradnisieranfgtive energy conversion followed by a small
temperature rise. Thus, PTR has the ability to penetrate, and yield information about, an opaque

medium well beyond the range of optical i@@j%ﬁm%the frequency dependence of the
penetration depth of thermal waves makes it possible to perform depth profiling of materials, In PTR

applications to turbid metiie, PEBRAM B RIEPH STt SR 2R RIUR RATRA RSB Bbtained following
frequency-domain infrared photothermal radiometry (henceforth referred to as .

FD-PTR or simply PTR) and frequency-domain luminescence (henceforth
referred to FD-LUM, or simply LUM), for detection of dental defects,
demineralization and or remineralization of hard tissues, defects around

restorations and caries intraorally.

BACKGROUND OF THE INVENTION

Nowadays with the widéspread use of fliucride, the prevalence of
caries, particulariy smooth surface caries has been considerably reduced, but
the development of a non-invasive, non-contacting technigue which can
detect and monitor early demineralization on or beneath the enamel, dentin or
root swrface or dental restorations is essential for the clinical management of
this problem. A novel biothermophotonic technique has been infroduced,
based on the modulated thermal infrared {black-body or Planck radiation)
response of a turbid medium, resulting from radiation absorption and non-
radiative energy conversion followed by a small temperature rise.

Thus, PTR has the ability to pensfraie, and yield information about, an
opaque medium well beyond the range of optical imaging. Specifically, the
frequency dependence of the peneiration depth of thermal waves makes it
possible to perform depth profiling of materials, In PTR applications fo turbid
media, such as hard dental tissue, depth information is obtained following



optical-to-thermal energy conversion and transport of the incident laser power in two distinct modes:
conductively, from a near-surface distance (50 -500um) controlled by the thermal diffusivity of enamel;
and radiatively, through blackbody emissions from considerably deeper regions commensurate with
the optical penetration of the diffusely scattered Iager-induced optical field (several mm). Trends in
improved diagnostic capabilities, coupled with sighificantly higher optical damage thresholds for tissue,
point toward the use of frequency-domain techniques as the next-generation technologies to

supplement or refPadeakipsHETEE e RRMYRIP BN SRBIRIE fehec S RMHaRSE RRMSTion to the
physics of the phqipf,ararasationdihesicaleiay mediumdbie wsscef dagendiqrnophotonics for

dental di tics, detecti ' itoring is. idered ising, technique,
complomentary (cCHR-GHEHEEI Bt HEdPAL O RIS e S AR B liorescence
caused by porphyitinsugie séadkibocyriemis Hissiscfidin Biosidkratonidgeitse vagpdios Detecting Dental
O el RERRRAAIANE Y ie DA R A BRy e ARRID pIEY laggoably of

frequency-domaind%rgéhr%ﬁ?rar photo metry (PTR) toward the inspection of dental
defects was reportedubgdmiigeli§eitd dspyvermamiielis, L. Nicolaides, C. Feng, and S.H. Abrams, "Novel

Dental Depth ProfiIomet&gelﬁa@g}pW%@g@@g“@g@@%d@@m@g%lméamﬁrg[@qﬁgé:m@tothermaI

Radiometry and Laser Luminescence", Biomedical Optoacoustics. Proc SPIE, A. Oraevsky (ed), 3916,

130-137 (2000)] aaieicorlicRlamage NrehRIfROr AStian el 'aHa's e ASfRls, "Novel Dental
Raciometry antl Laser L ineacanca: o ot & 356 (30007, More tesently ts technolog
adiometry and Laser Luminescence", J Biom pt, 5, 31- . Mare recen is technology
a5 beon wsed foRHLEIRATICAAEPIR PR R Pt R A RS G EREIPT Abrams
'I'\;)izg?osij Ef Pit ?_mdaﬁsewﬁe@memﬂ ' gptﬁms‘qﬂeﬂd}e[?mmmnm;m@atianmdhifesn:ﬁﬂdﬂagﬁgmetry and
odulated Laser Luminescgnce" I [ - Eg%ﬁ’t'g ace an
interproximal Iesionr}“ar(?(-{-[?fér!c'tione.e %ﬁ?ﬁﬁﬁ%@%ﬁﬁ?ﬂ%&%ﬁﬁg%&% in ent@géf the present
invention provide dateginirand WgPRequentyriefafonsiiaed pec GFREHARD IRABANE (FD-PTR) and
modulated laser luminascanaai/Ad-Hd Yhers GRreme@OhEupamik SRty feleetinaaad diagnostic

tools, for inspecting sound and defective (cracked, carious, demineralized) spots on side surface

(smooth surface), 36} (Tl HEsEENRA NIRRT MRS ATESPRAMN FEGRS IS8R neighboring
teeth intraorally apgien QatsHidaaesvitbedievigeckingabahlal Ufanesii U angd06, temineralization

d [ lizat fyvarig f th f her.in vi in vitro. Thi hod
can be xtended 1 MR P hALEITE 3t S0 CANB e o P SR ey CE A hufi-array mfared
camera In_additionfrélqﬁem@tkdmmbuIdéecluﬁergmmwmmmmgdj@mactﬁr@mdMa to capture
and store 'mages.iﬂ%Hé%tﬁ%ﬂt'&(%ﬁ?ﬁﬁd@r’e&%@lﬂm&g@[&&ﬁﬁ%{ J@Hﬁﬁ@i&”&?%ﬁﬂ?ﬂﬂfﬁﬁa‘eﬁ’i& glored on a

computer hard drive of other types of memory devices incldding paper print out for retrieval during

ongoing monitorinkjieslgidasatieriteng adustisr iAb ipmseriieveh Risiolgy Lapth & witematsenjunction with
conventional speqitalderhDIgHE SRTAGRIR 19 3RREIRACH USRS AR REPBHotBIRENRRIO expand the

range and resolution of subsurface and near-surface detection. Disclosed herein is an aEparatus for

photothermal radiB#&aYaY A AsRId-HRiNRsSeaRee RiPmedisal Sirinasaialiors&ies st Fpatient,
comprising:  atdearhetskipasd)idetisoyae fav ipad@iad netiared arsuffacriebridestal tissue

(Uminescence SRS AURPRTNA GBS rDRVELPBUAEH T T el
Imaging Using Simultaneous Frequency-Domain Infrared Photothermal
Radiomelry and Laser Luminescence”, J Biomed Opf, 5, 31-39 (2000)]. More
recently this technology has been used for occlusal pit and fissure [R.J. Jeon
C. Han A. Mandelis V. Sanchez S.H. Abrams "Diagnosis of Pit and Fissure
Caries using Frequency Domain Infrared Photothermal Radiometry and
Modulated Laser Luminescence” Caries Research 38,497-513 (2004)] smooth

surface and interproximal lesion detection.



detection means for detecting said emitted modulated photothermal signals and said modulated
luminescence signals; 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 wjth said light source 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_h ' ' iher including a plurality of
multi-mode optical fibers having distal @E@%ﬁgﬁﬁﬁ%@%ﬁmm probe head and proximal
ends optically coupleghin,gpig deteciirnrasansnadisnpeosriecied sparies eftsdidquertttyrivdeadptical
fibers being near-infrared-transmitting, optical fibe smitt ' ted luminescence
signals to said def@%fﬁé%grﬁégt’?ﬁ%rﬁndglargé&%nﬂatgré‘%é%%cte %ﬁm%%ﬁ%qggﬁ%ﬁti-mode optical fibers
being mid-infrared:irsinemitting (fliddlWees rpirsmitiay saitephotrnshigiestivonastdy signals;
demodulating me%?éasg@{gs%%%%qsgI%mgszg&iﬂ@g%mgg&I&é@gcgv@(gpgggg@l (%gilaggs. |_nto photothermal

phase and amplitude®components an d modulated luminescence signals into luminescence phase
and amplitude sigrarsirmdiized) srstessimidnearassr EaRphrTTasRt fRBRINEH A Ii&aknd
amplitude signals g«amm@mﬁk@m@w Amelitude.sanalsighsoaigrente samplsigntheomparing
said luminescence phase and amplitude signals to Iuminescenceé)has_e and amplitude signals of a
reference sample & GBRAFHERRS BN I7 U 'DERRERIT SLiT DotHERAGP A8 Fental tissue and said
reference sample gaghigeregRiing swd differeineesivdtivodelecisitusaicdenfahtissinth surfdneone aspect
of the present invention, there is provided an in vitrg, method. for detection of defects in dental tissue
separated from a S({I5EE gh‘l’d"ae%e@té' 'ﬁ%ﬁg% @r‘(()%lé’f\)fz ?@é‘lgﬁs?gl nefcfr?(? ﬁgs%%ﬂ%%ﬁ%tﬁsﬂd interproximal
iesions, smooth sufagintesionb andfaoetaf daigss tesibriyinsienmhidivwrepinpasitgeasteps of: a)
illuminating in vitrq a pprtion pf a surfa f sal ti}s&ug [t atleas &@{th of light
using a hand helquré)E%'%Oena%'vsv ig}ghi%%z\f?gg%g}gog g%%stal enél‘\{ (|)Hf?]§1 erxibI%c%b[%ical fiber"bundle, said
optical fiber bundleanuhuditicarfitseaitaldiBemaarngdhr drpitas ifch fopHesIddmunication with a
light source which egits at saigl atlsagtanswarsleRatbicaag sndisiahanaderaygaiagkagsaid hand held

probe head for transmitting light from said light source to said dental tissue l:% a clinician handling said
H

hand held probe hetir $sneopfiemest BaviaRs NAtHiRg RaRaFAR) UL AL AEabPHER fibers having
distal ends terminaliggaisaie aprdeidi Pasdradraaddionis srdspichitoypiad te said

detection means, a first pre-selected number of said multi-mo tical fihers,bein
near-infraredtransHﬁﬁfﬁé‘W?M?ﬁ??%vseﬁ%{%éps %Cdia?%dé}ﬁmques g asty

op .
minéscence signals emitted from
said dental tissue iasridtidatectiraneansoatCa secora pressdedidmantseand saidintidti-mode
optllcal flbfers .beln%,gns!g-lgér rgg-g%nﬁ%ggﬁfggg@tg %ﬁfor trans.mlttllng r_nodulate_d phot_othermal
radiometric signals emitte fom said denta tissue, wherein upon illumination of said portion of a
surface of a dental tisBireingti dteleds ioar apaaedéuryier of light modulated phototherrnal radiometric
signals and modulgfed luminescenrmrig)as Aresasaesvahhesiliesd Rivapsaibnertiamel said
surface of the dental surface; b) detecting said emitted modulated luminescence signals with a first
detection means afigbteteling s le AATEE$HEHulated photothermal radiometric signals with a second
detection means; ¢) demggidatingsaiskemigecsmadylpsedpapiolg e PatiaiTalisigndls into
photothermal phase and amplitude components and dengcs}d latin saig#]?dé;l te ]E%mine cence
signals into lumineSEBR BTSN LA AHSRIN Ry 15T H'Li?ﬁr lﬁﬂB‘é MG'€4iH Bdto®Eihal phase
and amplitude signalsisenebiieibeamalmhase akrtamptindecsigrmisgireferespesavmle and
comparing said Iuminesce?ce phage and anl}qp)tu erﬁignalito luminescence phase and amplitude

en i

signals of a refere/ftB daM PGB EAM GRS NG H AR Fiteen said portion of said dental tissue

and said reference samplkstexdicorrelatindesaididiffeg naes aiitistifeots: iniahiphdértta mssue.

Disclosed herein is. a1 3poaratior Inaglaa dspipLssHe:\sipg,odulated photothermal radiometry
and luminescence Inspection of dental tissues of a patient; corﬁprlsmg.

a hand held probe head, and a flexible optical fiber bundle having a
distal end connected to said hand heid probe head, said opfical fiber bundle
including a first optical fiber having a proximal end in optical communication
with said light source 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 heid probe head, said optical fiber bundis



at least one modulated laser light source for irradiating a portion of a surface of a dental tissue with a
beam of light of an effective wavelength wherein modulated photothermal radiometric signals and
modulated luminescence signals are responsively emitted from said portion of the dental surface;
imaging detection means positionéd with respect to said dental tissue for detecting images of said
emitted modulated photothermal signals anét said modulated luminescence signals; demodulating
means for demodulating said images of emitted modulated photothermal signals into images of
photothermiighiiisg amtLzatipylitfideutbmpenemicahbhsimlimane ¢ sfahaadsarraiomasescence signals

into images,_Qf lum| Amnlityde.signals: #daiy cRiBREPRING eans for comparing
said imagesa%?%?o%%ﬁﬁren%?pg asg’%]kg ampiﬁﬂ ignal Sl ygotﬁ hotothermal phase and

e signals to image ther
amplitude sifptattion wa@meﬁé'@sé@m@pﬁ@iaﬁ@edmaﬁ}ﬁig%amm@}é@@ﬁ%ﬁm@b%é phase and
amplitude signals to-imagss etiuminessessielpssAnthamplitvdaisipaalg plauneiarence sample to

obtain differences, if any, between said portion of said dental tissue and said reference sample and
correlating SAFiNRREPERBSIIMN RATCRICSIP RS G- &1 2 R85RNLRMBISHIE RS displaying said

images.  pumsiathesidspatt efdhe sresaitaventary terenspraviceskammethod of imaging dental

tissue for displaying of defects in the dental tissye on a computer display, comprising the steps of: a)
illuminating B‘E)?ﬁgﬂ@é? CLEAREE Y XS RANT ﬁggég%quar%ﬁ%%%og 'lgéygliﬁ’of laser light of an effective -
wavelength wheregzmaodilidieg phatatHer dmatraditatietrisssipemitstien dwbdatated luminescence signals

are responsively emitted from sali ' f t r X tecting i es.qof said emitted
modulated Eﬁggé &rmal ??&%ﬁ&%&%ﬁ%ﬁ%@gﬂ%@%%c%g'é%st}gg ?&Ur%%]‘éé%ﬁ%@g%r?g% using a
combined nesidinfraiddiedherineyernrefiged withiche mioestares basectigsaniivtfor detecting said
images of egg%ﬁg%n&q@ulated luminescence signals and a mid-infrared camera for detecting said
images of said emitted modulated photothermal radiometric signals; c) demodulating said images of
emitted modulated’steERErmERETiBh M Y IBRRIABIAaESBF fhe@fthal phase and amplitude

componentgapgidenagulating saiddmages ehaasdiatesrpminessghess Sgaalsensadaages of
luminescence phase and amplitude signals; d) comparing said,images of photothermal phase and
amplitude sRNARSFIASGEP6F BRGR IAFpHEEE %E%B%EQSIEH%S%?%E%F&%% sample and

comparing $aidinpeges:ehiwsiasdance s signd!aniplitudersigratatorimagestafluminescence
phase and amplitude signals of a referen %?‘Wﬂl tain di es, if , between said portion
of said dental tieSUS an gg?é%é%{g%%e% %%Frﬁp e an%%o%?eﬁa%%l%%%f%%r%@s with defects in said
dental tissueeianehe} dispipigirg theageiatay sedhdificecotdeftisdifanis ibf shid dental tissue on a
computer-diﬁ@@é: In one embodiment, the present method comprises irradiating the tooth surface
with an excitation source (laser) of suitable emission wavelength in the near-ultraviolet - visible - near
infrared spectralyangeisfect of the present invention, there is provided an in vitro method for detection

of defects in dental fissue separated from a subject, said defects including ercsive lesions, pit
and fissure lesions, inferproximal lesions, smooth surface iesions and roof carious lesions in
dental tissue, comprising the steps of: a) illuminating in vitro a portion of a surface of said dental
tissue with at least one wavelength of light using a hand held probe head which is attached tc a
distal end of a flexible optical fiber bundle, said optical fiber bundle including a first 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 said denta! tissue by a clinician handling said hand held probe head,
said optical fiber bundie inciuding a plurality of multi-mode optical fibers having distal ends
terminated at said hand held probe head and proximal ends opticalty coupled to said detection
means, a first pre-seiscted number of said muiti-mode optical fibers being near-infrared-
transmitting optical fibers for transmitling modulated luminescence signals emitted from said
dental tissue o said detection means, and a second pre-selected number of said multi-mode
optical fibers being mid-infrared-transmitting optical fibers for transmitting modulated
phoiothermal radiometric signals emitied from said dental tissue, wherein upon illumination of
said portion of a surface of a dental tissue with at least one wavelengih of light moduiated

photothermal radiometric signals and modulated luminescence signals are responsively emitied



providing rotational degrees of freedom to the excitation source for inspecting dental or tooth surfaces
at various angles; producing periodic frequency pulses of the laser beam in the range including
(but not confined to) dc to 100 kHz; delivering the radiation and collecting the emission by means
of optical fibers or off-axis mirror configuration, 5 generating a baseline signal transfer function,
H(t), by obtaining the frequency-scan data from a reference sample with well-known radiometric and
dynamic (ac) luminescence properties and frequency response. comparing by means of amplitude
ratios fagrel phrsedtifterencesdealthys défeetivdenebsiofzodem)ndsalitied aathrottedentalitisee at

Va”oqsn{%ggc?&%sé%r%féqnﬂﬁ aa”‘%r% %E‘i’r ﬁfﬂ@%&%&aﬁ sigak 51913%%%&%6% frigental

frequency response. per ormlng profilometric caries zed and erosion diagnostics

and déré%ﬁthwmﬁidgﬁi@featﬂlérﬁgvg@awﬁaﬁasg@aa%ﬁ#@ﬁctlon SRSy $heraed Watine sreLalefined to

allow goyapatison sHotbmagaal inthecibie. skieMidingia PPRéRHPrRRArpRERY Ohtae siapruatthe area
examined, if the data gwd cI|n| Iex eJtlseA E%;es the presence of atholiggr}/hgrowdln%the ability to

treat tﬁ%rq88ﬂ$%x§ agl?“l eq'% OVE em nOer ggﬂ%%éc’i ) Fﬁte?terla resrcneg\(/;g 05‘]‘?} structure

for theaptheemintiof sigaisiats)d d) commmmr@m@t@mﬁwam kh@@m%@m@ﬂuﬁﬁcﬁﬂhqﬁeﬁ@araﬂon
designuSinacAMEPHIER! BES JHITRABARICSRIIRIGY olfSLIRAUOHABT dEYIERS K00 PERRG RN,
luminescence phase and amplitude signals to luminescence phase and amplitude signals of a
reference sample to obtain differences, if any, between said portion of said dental tissue and
said reference sample and correlating said differences with defects in said dental tissue.
Disclosed herein is an apparatus for imaging dental tissue using modulated
photothermal radiometry and luminescence for inspection of dental fissues of a patient,
comprising:
at least one modulated laser light source for irradiating a portion of a surface of a dental
fissue with a beam of light of an effective wavelength wherein modulated photothermal
radiometric signals and modulated luminescence signals are responsively emitted from said
portion of the dental surface;
imaging detection means positioned with respect to said dental tissue for detecting
images of said emitted modulated photothermal signals and said modulated luminescence
sighals;
demodulating means for demodulating said images of emitied modulaied photothermal
signals into images of photothermal phase and ampiitude componenis and said images of

modulated luminescence signals into images of luminescence phase and amplitude signals; and



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 variougraiedisiig prhiaRCeTEbNREIZ a8 inthges of FRRRNY 2 MafiHadbat will either seal the
surface or promot(f; remineralgation of thl?furf%%% cure or set a material on the tooth surface
' RO

restoring T BSR4 FIP AL FAHEIRSTS R PRSP HBRIHISFEBRSIS through
pulse-wavsifarmrergine e ngéoapteciseadptis@ddroaptroldfopiest cadiaticmedelivery and thermal

energy generation. : nit id. inter ' terations in, the condition of the tooth by
means of %%ﬁ{n%rln gg%‘?ﬁ’%ﬂ%‘%&&ﬁ%@%tgﬁ é%ﬁo%%ﬁ%?r%}%%a 0%1 3%%5?@ (1(:% g%ges prior to any
interventisignals of a Rocthealobid iwhiss Widemorrirat@deitieratinatinh in vitro and

remineralization afteh ArplicatioaRivatipusitheRpies 82 SPIIONS correlating said
differences with defects in said dental ﬁssue; and .

image display for displaying said images.

in another éspect of the present invention, there is provided a method of imaging dental
iissue 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 laser light of
an effective wavelength wherein modulated 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 combinad near infrared camera synchronized with the
modulated beam of laser light for detecting said images of emitted modulated luminescence
signals and a mid-infrared camera for detecting said images of said emitied modulated
photothermal radiometric signals; ¢) demodulating said images of emitied modulated
photothermal radiometric signais into images of photothermal phase and amplitude compaonents
and demodulating said images of modulated luminescence signals into images of luminescence
phase and amplitude signals; d) comparing said images of photothermal phase and ampiitude
signals to images of photothermal phase and amplitude signals of a reference sample and
comparing said images of luminescence phase and amplitude signals to images of
luminescence phase and amplitude signals of a reference sample to obtain differences, if any,
between said portion of said dental tissue and said reference sampie and correiating said
differences with defects in said dental tissue; and e) displaying images representative of

defects, if any, of the _dentai tissue on a computar.qis;ﬁié-y.

in one embodiment, the present method comprises
irradiating the tooth surface with an excitation source (laser) of suitable
emission wavelength in the near-ultraviolet — visible — near infrared spectral

range;



A further understanding of the functional and advantageous aspects of the invention can be realized
by reference to the following detailed description and drawings. BRIEF DESCRIPTION OF THE
DRAWINGS The apparatus for defect detection in teeth according to the present invention will now
be described by way of example only, reference bejng had to the accompanying drawings in which:
FIG. 1 shows a schematic diagram of a first embodiment of a simultaneous frequency domain infrared

photothermal radiometry q,lg %}69 %#éléryl&eﬁgggg%%s{ﬁgrg% dor Igeseéﬂrg% FCt detection
ree

with added rotational dedrees o excitation source for inspecting toot Slrfaces at
various angles acdt)ﬁ@lﬁgtfttﬂtﬁefmégémm/@nﬁws at FGoRa&t@ess top (biting or occlusal) surface

and cross sectional pictu éﬂ éﬂg@ﬁ%gwhﬁsgg SanE3apdz4.0fa {g{gl%gzgnous lesions

in the pits and fissures of a human tooth sam G. 2b illustrates typical PTR and LUM

responses in the fﬁ@ﬁﬁ@@%ﬁh%’ﬁfﬁ@&t@ ﬁﬁé‘%&%t‘f&'@pots on a human tooth shown in FIG. 2a

using 659-nm, 50mVvV smlwﬂgm@ lagriiecliatieRliectifg Ghlanibstates msnalishysianned line
across the mterpr imal Cs‘ﬁf oints of tW teeth; 9 FIG. 3b shows graphs illustrating PTR and

LUM responses o &S%ﬁr fngofh%o %F[S? Q%al mechanical holes at a fixed frequency, 5Hz.
The excitation source is agér@natingld deiélinsesigoah tackietdsartion, HERG b¢ shtawsrgy diphs illustrating

ey o e-panaen gl sealdasAs s AL RIGAr S iRiana o =

created by a demine n-remineralization solution otassium p osp'hate monobasm
(KH2PO4), 50 mwaéeiwaaup(ﬁabmlr@@ﬁwrgmeémmﬂn@éqnmmn% ppm fluoride (F")

and potassium hydroxide:hifar ARBSRGLS RTINS BhiBs A s SQAURRR ARHZ. The excitation

source is a 670 nm, 450mVV semlconductor laser;
healthy, defective, erosion, demineralized or carious dental tissue at various

frequencies (e.g. 10 Hz and 1 kHz) for optimal contrast and cancellation of the
instrumental frequency response.
nerforming depth-profilometric caries, demineralized and erosion
diagnostics and detection through frequency-scan data acquisition.
storing the data on the area examined to allow comparison of changes
in the future,
providing a print out or hard copy of the status of the area examined,
if the data and clinical expertise indicates the presence of pathology,
providing the ability to treat the tooth by using lasers to:
’ remove the decayed or carious tooth material,
remove footh structure for the placement of materials,
prepare the tooth using known principles of tooth preparation
design using conventional burs, uitrasonic energy, lasers or other devices for
tooth preparation,
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,



FIG. 5 shows PTR/LUM signals vs. treatment time for multiple samples with treatment time intervals
from 6 hours to 30 days at 5 Hz (a) and at 500 Hz (b); FIG. 6 illustrates a schematic diagram of hand
held apparatus for simultaneous frequency domain infrared photothermal radiometry and frequency
domain luminescence instrument for detection of defects in teeth which allows for improved
compactness and access to occlusal or interproxin?al, buccal or lingual (smooth surface) or root
surface geometries, as well as for substantially enhanced infrared emission collection efficiency using
fiber optic light delivery and IR RAtidrinesiiectiBialvsteaither saakifiel siwriase-soRicarRiR: collection
configuration of offrgxis,Ralekelds wireEsasnd FIG. 7 illustrates a schematic diagram of two
dimensional lock-in imaging system by means of modulated infrared cameras, DETAILED

DESCRIPTION OF THE INVENHBR' set #malgfisbrnifiR fih RUHast 4t it iR kbtothermal
radiometric detectigsrranshdneuliated sinyrescene rucforoapydaiisly desestsithtemigsion of infrared

radiation from a hegied gl 0f (15 SRIAIEAVIIUL eI ally Aeig i A JpaIergluLS gacilation due

0 |
to modulated heatihg causes a variation In mal emissions, which Is monitored using an infrared

- detector. The tempézhitare anddhritien alegy BrNPaIRAI energy to reach the surface diffusively (or
conductively) from a depth Ash¢f)migesiad iptdraapisrinalrhafsnalia BsimabNarelength, where a

is the material thermal diffusivity [cm2/s] and f is the laser beam modulation frequency. In addition, 10
black-body (PlanckPPiRxiBIeRIe fited Ry U2 51 efdlln to the inverse of the optical attenuation

coefficient at the wavelength of laseitatbisatborh thefacn feeabspingdhanties pfithisoragjation is

back-propagated au ort/ éhig,grface of the photo-excited tooth and into a suitable infrared detector
carrying informatiol froMm those depths. A schematic diagram of the apparatus is shown generally
at 10 in Figure 1. Semiconductdvidaster tzevidthtivewdiedih dBoanstrayd s atitil 20021,

maximum power 50;mwi) QT UHIER G30-0M (e8P 2R RRod 332900 MaximuD AR HAMW) is
used as the source of both PTR and LUM smls. A diode laser driver 14 (e.g. Coherent 6060) is used

for the laser 12 and is tridyBtBbahyKisIsiapstnRIAtH Yerivard ANd BrveERRROWSARRARIS A8 (e.g.

Stanford ResearchyzR&ashtisroshiasinestpdassy pmrmceasme iRt addspidgasn #idn focused
on the tooth sample %&23 The modulated infrared PTR signal from the tooth is collected and focused by

two off-axis parabcﬁ‘a [HHiFP8Ps 26 (e.g. Melles Griot 02P0A019, Rhodium coated) onto an infrared
detector 30 such as Mercury Cadmium Telluride (HgCdTe or MCT) detector (e.g. EG&G Judson

J15D12-M204-S050U). Before bel%ﬁgﬁg%ﬁﬁwltfﬁé Hﬁﬁ%&é?nal is amplified by a
. For the

preamplifier 32 (EG&G Judson PA- simultaneous measurement of PTR and LUM signals,
a germanium window 36 iglapearshtpasiefechdeiedionél raatorcoardngHat thavetsegths up to 1.85

pm (Ge bandgap) WoEIHi&8 will now be described by way of example only, reference being had
to the accompanying drawings in which:

F1G. 1 shows a schematic diagram of a first embodiment of a
simuitaneous 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 859-nm, 50mW semiconductor laser excitation;

FIG. 3a illustrates a spatially scanned line across the interproximal

contact points of two teeth;



reflected and absorbed, while infrared radiation with longer wavelengths would be transmitted.

The reflected luminescence is focused onto a photodetector 38 of spectral bandwidth 300 nm - 1.1 um
(e.g. Newport 818-BB-20). A cut-on colored glass filter 40 (e.g. Oriel 51345, cut-on wavelength: 715
nm) is placed in front of the photodetector 38 for luminescence to block laser light reflected or
scattered by the tooth or root surface or interproxi?hal contact surfaces of the teeth 22. No

luminescence data were possible under 830-nm excitati inc oluminescence emission
requires irradiation with FgherthPoesfsSi7RAsH BEQ&E%%%@@Q&&%P 83?’%%8?0 %%ﬁd 700nrn [ft
Hibst, K. Konig, "RexicadardeetechingrhertabCadesdnids hBasta8adiled (299t yWiHested 695-nm
and 725-nm filters as well. as. a 715-nm filte 0 - lter | imal for cutting off the
laser source (659%%&%%%%’%081? ﬁwéﬁ@ﬂn’fﬁ@@%?ﬂ%ﬁ%ﬁg i?e%lgge signal (ca. 190
times less than the minirfil{n dehvs gnMpdigiiiistietinsbBifedyd LUNHersroree sl #ratiam cut-on filter
40 s used to meaguig the JuEiRESSRRGR I Ak ISP BRI RSAB-aFERSILgEaIa g rodulated

er lock-

luminescence, anot in amplifier 42 Fe. . EG&G model 5210) is used. Both lock-in amplifiers 18

and 42 are conne€RMiRS AlREBRFBIHEBFITAEALIRBLIRN 5621 833 RIGsBHAGalent ports. A
pair of teeth 22 arg,gHaisd (H.EGS, BiaksakctbiadetNa@hoNai2eMeasthh2 24iberseparated and

remounted onto the exact posjtjan after creating,artificial lesions.... and LUM
emissions are theﬁ‘?ﬁ%rrﬁ(?o@]%@g) 1'r§‘oé Sﬁ)gt‘o %’rﬁ%ﬁ%ﬁa@%ﬁ%ﬁﬁ%ﬁﬁ%&s rcg(%((r?é%j ner?tif f;igﬁd said
modulated luminebatarsengdhalstied 4ubinks Ssnddrpnusacndiraplitielexi@lins Bouidedkan amplifier
and processed to é?ﬁ‘Rﬁ{%%M@%Hﬂ@b%@%%@Pd amplitude signals to photothermal phase and

amplitude signals of a reference sample and comparing the luminescence phase and amplitude

signals to luminescence Pase shirrsfdiRddégiaariors Heatases Wamaey Gplaspmritnces, if

any, between the parigahibatdpnahlissus aebataierence sanpit sr coyrmidtitgitese
differences with defects in the dental tissue. Further details are disclosed in United States Patent No.

6,584,341 issued J 4, 2003 to Mandelis et at which is incorporated herein in its entirety by
reference. The appafd@sariksimted piidestindatoan cf baiohhedsrpparkics allows for

approximal tooth s6ong i 0GR FRIRIORa) (ARl LIRS LORAR YR el ABGle.pdne laser and

the tooth, and angle of the incident laser to’the tooth) degrees of freedom. Figure 2 shows a

mandibular seconfigsteaRcaAmIAFIIHYIEEGPrResagnEslfoa e gstiortistiaifes B B$R and LUM.

The tooth had a DjMzhN Qeens rending eidaasimpuntdsantha\wiaas visvedingpestion ranking of 2.2
indicating that a clinician would need ‘o atch or monitor t fisgures. There was no indication on the

h
radiographs of any/ CaRELH TRy PSR E%Tégs%tthﬁ”r'gagﬁ URPIGHZE FIHISRI information
from the amplitudasng:ibhadersshsasds|yventibeceadtirdaeuemiysgoand(etipn efftlehcndicated that

measurement Spoﬁ%iﬁa ﬁt@gr %%M&?@éﬁ@éﬂ}%ﬁ@@%d@ﬁon collection instead of the rigid
limited-solid-angle collection configuration of off-axis paraboloidai mirrors; and
FIG. 7 illustrates a schematic diagram of two dimensional lock-in

imaging system by means of modulated infrared cameras.

DETAILED DESCRIPTION OF THE INVENTION
The current invention is based on low-fluence photothermal radiometric
detection and modulated luminescence microscopy, which detects the
emission of infrared radiation from a heated region of the sample without
thermally altering it. A temperature oscillation due to modulated 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 iw(f) =21 Ja/n 7

approximately equal to a thermal wavelength, where a is the material thermal

diffusivity [cm?/s] and fis the laser beam modulation frequency. In addition,



Histological observation results showed that this is, indeed, the case for these two points, as well as
for point FI. The signals from fissure Fl show the influence that fissure geometry, angle of the
mouth of the fissure or the direction of the fissure base may have in the generation of PTR and LUM
signals. The PTR amplitude of Fl in Figure 2b is above the healthy band and the FIR phase also
shows clear departure from the healthy band in th@high frequency range. This case illustrates the

depth profilometric abilities of PTR. In the case of the slanted, ious fissure Fl
minated by the ARAULFILLEIBESHAEUEh & RE) HLLRR ALHBAL ool At ee LTS Blrface

layer, succeeded eapiidahditiskerticaalthyifmibsafate wnashehdyef lasel exetpibmsehthe phase of

e TR suna ot e Bl b b LS g5 e o

the long thermal dSi8A engl%dvﬂ%c mostly probes the hea .
surface layer as agiénediatiorstoited sigiaanatinigia fetpikRiadids g\ velesianearsno) thermal diffusion

length lies mostly W}mmé{?gn%m%&gf@g&i@yer and, as a result, the FIR phase emerges below the
healthy band above ca. 50 Hz and joins the phases of the carious spots F2 and F3 In principle, the

frequency of departure fSFRSERESIHRMARPEHeRPEREIYS EShAWR 9RRREKALAE 8t the carious

surface layer. PTRgog:L4) Mepsitsal ot ihedinalty iss weveibagtn 6satechwilg nifiite westithy band
confirming the histglogical.observations. In.arder to assess EIR and LUM as cayie tection and
diagnostic techni Lﬁa&%%o%ﬁ@?ﬂé%o%%r 8|rr1T(]-:‘ ir%l Vgé%ﬁa%rg érl%l 6'8th%|arncy(§)r?§(fe'r?@)?’?al probes,
sensitivities and spédifivitisswerpoedrul Bfeohdl)tisesifiare tiversesiusidd toth BhR @B lddMefined in

Table 1 for all the 9@9&?&%%%@%%%#%% ER @%%léhg SiHMIR WEs8 %gk%frgéeﬁb%o

occlusal measurement points, only 1 or 2 points on each tooth were assessed by the other
examination methaad is trigpeesdiByeheuit-RIdUnation gaReiRit 18-t hrgsrniRERiBasIPement
points. To create gyifpldesariRIIRéSEARTESHBEMNeRATIMMMGlate \adriRlmant ldivhaliegneral

characteristics of respective sjgnals and their conyerfing equations, listed in Table 2 were used.
Those characteris%bg \%@?é %%%&'&? ?F&%eagne%r?eg?r%%n%ﬁégu%} oTbﬁen?Png&ae%ﬁg/ scans with
carious 13 and hémaitthretobifiRssignakbiom them@iefaﬂﬂ@m antplegdestheyswapefioftise frequency
scan curve for thedﬁs‘?@%iﬁﬁ? Red ot (IOl AS daPRlAbAs), RH6URRAYEBEIEE) bifblo Nigh

z), whi

frequency (1000 H e unhealthy spots (demineralized surface, enamel caries or dentin caries)

exhibit larger ampAfLitE e driariaf SPctychias Merewin&adnitencieringe dieCed proPlounced
curvature with a "ipee} abeRiiNdIeRISRLY Jangss I IE2loueeEBUs(UeL. BeforBlioRgRanase shape

for the healthy mineralized spot on g linear se) - log (frequency) plot is almast linear across all
frequencies (1 Hz 1B G R AETEIEn A b RN o 0 DIELY RRERR PEl Ertaoe and laroe
slopes, crossing thEG&E thydpbhaded-aife. Fointeemizisiiogs ensissrdihent i RoRiidiedence in the

LUM amplitude sqﬁa@ﬁ kétetr\{vﬁqsenah e%‘&';‘é(nﬂﬂﬂ %}ﬁ#ﬁ vé?ﬁ:%ﬁ%%%%mﬁhg B%rﬁ%ﬂﬁd%q the amplitude

curves is consiste rotdghout, decreasing guencies.
mirrors 26 so that wavelengths up to 1.85 um (Ge bandgap) would be

reflected and absorbed, while infrared radiation with longer wavelengths
would be transmitted.

The reﬂected. luminescence is focused onto a photodetector 38 of
spectral bandwidth 300 nm ~ 1.1 um (e.g. Newport 818-BB-20). A cut-on
colored glass fiiter 40 (e.g. Oriel 51345, cut-on wavelength: 715 nmy} is placed
in front of the photodetector 38 for luminescence to block laser light reflected
or scattered 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 filter is optimal for cutting off the laser source (659 nm) and cutting on



The LUM amplitude curves for demineralized spots lie above the healthy band over the entire
frequency range. The LUM phase shows slight differences between healthy points and carious points.
In general, carious or demineralized regions exhibit LUM phase lags slightly shifted above the healthy
mean throughout the measured frequency range. Healthy spots may exhibit slight deviations, but only
at the high frequency end (> 100 Hz). Establishing the mean values for PTR amplitude and phase,
and LUM amplitude and phase from a éﬁ EJj th ooth.engmel s {)Nce 0 nts tooth
samples allowed (884 BYARRARGR Y igb% ﬁg%%%g?o%‘ﬁ{é%&uig (Jlﬁllrﬂéjutf ﬁué‘?r'lce of fissure
geometry or the efigstswhvdepiagidnkiselthiskvesbimind) fissure. A series of mean values and
standard deviations vs. fﬁ%%gﬁi%% GHEVS$ AN c%?\é%l?iﬂgplf@ @9&9@8%@&9@{93“ for each tooth.

This allowed comparison o €havior of each probed point to a healthy smooth surface area.
Using these featuteglicasraneerion s e AffNeyastbinerniersgdiaimetiaedlots to yield

][lumerlc values dqﬂmn&ébgj@g%%ﬂh@ﬁaeﬁwamtﬁz@ﬁmz'zfj @@h@ Zde.eddiian, mmfém@,@ﬂtlfre
requency scan, each sign ude an a or 4 frequencies
whether it dewate& %ﬁ??ﬁé%@%%&fﬂ&r# ﬁrc?t?%"ﬂugti%%s} a&i @Iﬁ%‘r&’d@ 1%8 from this band
was counted. Aftecaaloutatisi vk ms@ammminﬂmmbssmmmemmalmed so that the
assigned number g, ¢eh grquaath v@lHs PEMESH QJaniRY fretBandd {opihe worst case of

ized num d

caries. Then these norma ers were a sed to evaluate the probed spots. Finally,
one value per eacteiatat@ndremsiniRe SRR SracxaphresifienabarareatiimprEfisi®rmation of the
frequency responggsidie thresholds of 02 and D3 were determined by trial and error to comply with
the histological observations as 'r'?t% al analysis are given

0S The results of the statlst
in Table 3. Using the corBmB I‘E’gl'ﬁ‘ i@i‘_’tﬂw*ﬁﬁ@'ﬁgﬁ{&%& ai%’@@ecmcmes
0.81 and 0.87, reaﬂeﬁw@imemmmmﬁtmmmmhweamtd ambmchdhttmnlemlnatlon methods.

In the cases of PTR onﬁ)é oegnLUM 0 e%zz%xgéesh%@e E%t&/g |m|f?e 03881 ¥n h|Ie

specificities are relitie igher, i% ween In"'a manne dings, visual
inspection resuIte@nkwoérfsélﬁgmamé@f(@:g&s&ﬁ@ epitABstae @@PMB%%M? nrg:h specificities

(1.00 at both thresholgs)qB éaﬁgréwémwalﬁsﬂmrﬁﬁaﬁmmaé QorigiP3 AsEErnd at D3) and

high specificities (1.00 at 02 0.85 at D3). The continuous (dc Iumlnescence method (DIAGNOdent)
showed sensitivitié8'8P. @5%??5?%5‘@ e 51!@1?%5%&&%@?%?& GBI SIES 85 at D. From
Table 3 it should hmﬂﬁ@iehGm/@b!alsdlmijaarﬁlﬁﬂud@/ﬁnalhﬁfbsﬁfefalbmwemﬁmﬁtapots was used

for obtaining the visyal and radio ra statl tics, comp ch more, com rehensive
sample sizes useé’S # e other) 5 S, es;t)?éu @ﬁ}?« I%E Héipoenrelﬁ,&a&?\%dent
measurements w@%mﬁanﬁmmmhaﬁhmmemﬁsew@bﬂ@mgGWW@#@S&JEUM and FIR
measurements Usﬁﬁ'rﬂi!é‘?%‘é{%%%%%&%ﬁ%tm&eé%@@% PUSENN® Whke3a4RiRellp variable

incidence solid ar:r%ée_‘ limitations. This will be improved by introducing fiber-optics as described in
Figure 5. Figulé"s ArtstflédaMandntisretal: Wfﬁfb%m@ﬁé’ua?@ﬁﬁ% i andiepRihikal hole

detection. The sanamigsnuere stored in saline solution and removed from the container just before the

experiments, rinsed tho with tap water for more than 20 econ s, and then left in air for 20
intes 10 be dried prop ity SRRETSHE Bl LA @ HEES B8 ARG RN CORABY Hilbed in the
container. Each paltwffstémtlaiwmemmalﬂmdmm[EMMketatadwd&asgmmfddeatoBﬂHarﬁiom the left

to right across thea(p/gxizial ! 8GANASLENNLAR AN Wilh ANEANSIMETgNIGaAR Lpgs samples

were scanned an logrdphed at every step ng or tre ment with an arti |C|al caries agent.
the tooth) degrees of freedom.

Figure 2 shows a mandibular second premoilar iliustrating 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 info dentin.



In order to see if small artificial holes could be detected by PTR and/or LUM, a % mm round carbide
bur was used to make holes with approximately % mm depth on the sides of both teeth at the contact

. location. As shown in Figure 3b, the left side hole was deeper than that on the right side, so it could be
visible on the X-ray image. PTR and LUM signals are shown in Figure 3b. PTR amplitudes are clearly
higher after the sequential drilling of holes, to the 1éft and to the right of the contact point at 1.2-2.3mm.

FIR phases showed big changes at around the holes at 1.5-2.5mm, too. In the PTR;h se, some
signal changes alSistaipgiarbaheersgtinnsrasils soRTER Al L Idedeet ShfFarm oA m. It is

hypothesized that G gnsacksRioht hgfv}ga;}ﬁqmpreated due to drilling and caused said signal
changes. The FIR amplitude also showed ss'kg*il%r‘k be avi.o% Trr]‘e Lt M%&B"é“deeoﬁ%qﬁhase did not
show clear differences afBBSPIRISHENSS st Gde R %”[ﬂ@?iéneggeﬁ%a y a surface phendinenon while
the FIR delivers deeflssubtisa raerinfbimeationire UMtentittotienaidhehisushbarsirsiyiatecreases at
all scans, possibly because LUM is sensitivest 'Ellﬂ-diti‘@@ﬁg@ém iitddaotrersample set was
treated by a demK?e@?i?gﬁgﬁ#g%ﬁﬁﬁé}ﬁtgﬁﬁgn (2.2 mM Potassiu?n Phosphate, monobasic

(KH2PO4), 50 m\Fisuedi@adicebons Ay, realthxbandanddhe Rl B nbrrR 388V ¥ m Fluoride

(F), and Potassiyg Hydraxide (FQ R AR HaRGRaIRMRIN ALArbRy Rigige. 4 Bhswadeoth PTR |
amplitude and phase showed clearly monotonic mgeasegﬁgtf%e?c A treatmer;kl ngé ah}éyl was nearly
insensitive but foriHatitgR{ R HEaFPAEIGREtEs BRI Bed R SRR ER AR FE0ES believed to
be due to humidityghaagesichsdihend Paivimwiemiieatad byithaheciitot desdiheften sokuidnsand
examined in a similar manper except for the treatment ti [ ifferent times;
for example, the fFYPRRIAAR FRLS! %Ir?o?'%%@Wo@u?gigﬁgs%é?g%%%’vﬁc%i%%% z)ére gg‘%tgys. The
lesions created hahidethhaaibsasizbsusiataceiaaie Weafineralized subsurfaces as is found in early

carious lesions.  The EIR gighals (AQNAdE bianeasmaighabrat B Himand da0adzeamspectively,
increased with treatment time 'while the LUM signals slightly 16 decre?sed,%%qﬁe%wnq trends in
emire

Figure 4. The obswitiial theheaiiptiRae @b ireslegHina iR A RIRGTRYIEED [Z3fion are also
consistent with eagiigdipsinagtn wrish-aventimrtvedighs-frdutgdfaorelsasmntay ¢Quith, théorm of dc

luminescence, was used. Figure 6 illustrates lternative embadiment 80
configuration for iffIRHSHIA SR 1VE hﬁfo%ﬁh@ﬁ ?S%ﬁ‘l@%%ﬁé%ﬁﬁ&& @%@%ﬁﬁgﬁﬁélly
controllable fiber optigclase thre trhod® herpsigtiflusisifeeigiigsdrmestly sptidathe ganiowst 82; 2) a
compact electricalsﬁrr}gg%o%% Rowesdgliveni{signat progRasSINg HBiGudtBaonne mpngigjure IR

emission detection modulé 88 whith includes ‘a diode laser driver 104 electrically connegted to a signal

generation and deeotcrbaysdeae T Hiae iies HRANagatohilp CAlIPYSRRAtSHhpaAre:

mercury-cadmiumzingrighididee(at dhele rdepadu i eneperaltiecontaiie b8 dsedtve detector

84; and 3) a system control and signal analysis unit 86. ;I'fhis qaeterctobﬁﬁre I s, &Wegtgge-of-the-art

in infrared technolBEYMAISHEIBITIBTHR PhEIRRLEAIRIIR Zinc Biluride (?)I%%etector, other

detectors that coutddreatiest frciuderd merturgtedavitimtzécealiindes W Cafyadtadtist, a Lead

Selenide (PbSe) e‘t?c{or an :Pg%{{oé{i}rf%nide (InAs) detector, an Indium Antimonide (InSb) detector,
e (In S

. ical . . ) :
and an Indium GalliGm Afsenic detector. Referring to the detailed view of the detection

module 88, one of the twi osticisrasrass RIE g0t lHiM o5 eariaseteriondnd d/aoerstisin of 670 nm

(e.g. maximum poyyer, 5800 Phaienies REPEYSEIBIREBAMBRsRSgIYSe. maximum power
100 mW; Optima Precision) is used as the PTR/LUM sources coupled ltj%/ Eﬁ?,"o t;ia# oupler 94 and
optical fiber 96 opGEANFHIRIRLA Eb e TRINES PS50 RHHFHRS R R 88? &Hi8r bundle 100
which includes in agilition t8fiBR606, (Beyeral (Multiasddindarye Tdiblmdtérrcaltéheildimghabitie optical
fibers (e.g. Ceramoptec) 98 t Quq(%a tich | fiber-optic. co g, (. ics) which is
optically coupled tH‘ﬂji% Zn 3'3 tica %gé‘g[ﬁgtst'ﬁg%ﬁé%%n t érger% ) rfq%é%%ltgl%:%l fiber
bundle 100 terminatessimameptissihtndslction 240misich gaghtoadherrpresesssdied® a
micro-positioner 14 mpri -axisfranslation stage and a rotation stage to hold the fiber-optic
end section 144 sg%%a%%e@%t%{ﬁﬁ%mﬁ%osition of the sample precisely with resolution better than

5 p.m. This precise positﬂ}mﬁ@fwgvi@@cg q:@}cd,m;ion 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



17 laboratory experiments for research, and for clinical application, only the hand held piece 144 is
used by a clinician who moves this hand piece 144 around a suspicious tooth in a patients mouth.
Other more effective future combinations of laser lines and powers which are or will become apparent
to those skilled in the art are also possible, depengding on evolving laser technology and are claimed
within this disclosure. The use of two laser light'sources at two different wavelengths is
advantageous in order to faciljtate the interpretation of daja. TrP 0-wavelength sources represent
different optical peiﬂﬁlj&%@ﬁé%? %%ﬂﬂ‘&‘fedﬁﬁ 8%%%3@2? i%&"&@ﬁ’&%nﬁ%@&%ﬁ’&é’i with each
wavelength, a funttiefrefibeymHozal abserpticiiahdadiduspot scedt&riptpgaadliciexitafsé iaeael (or other

dental tissue). Stuﬁm%%sdg}éﬁe?@ ﬁéﬂg shmagauRlss RRes e A Bﬂﬁ%ggpﬁgth

irradiated by a 45 / -nm laser showed t€émperature’increases - 1 C. Such lev temperature
rise are deemed stferférarmiras siddasied SUifMBt CAIREX ARRYD REFR)SHYBIAEe tooth while

yielding aCCGptab'srﬁﬁﬁﬁjéégﬁ%'ntﬂémﬂﬁ? spHesdva-80 entire VROUERRS ToAGRBAGMES SCanning
measurements with these types of laser iode,i hay,eaghown that PTR with the 830-nm source exhibits

higher spatial res&ﬁWBF%@ﬁ%ﬁ%‘é@ VAR THIGT 22558 D JSAHRNSY S3D9E8 8P dNBwer signal level
[Jeon RJ, MandelinggrBanizhgintV, and Abrams SH., "Non-intrusive, Non-contacting

Frequency-Domain Phototh I iometr in th Profi] ry. of Carious and
Artificial Sub-surface Legéﬁﬁ%r%gﬁ %}éaer%?gjd é_l%ﬁ%eac? @%%@%&%ﬁ%@%@i@%’ rRJ, Han C,
Mandelis A, Sancketzage anpg\GremesH), pildgebsrsblimanaerrisRitdamumnsesitgiz ~ 1
Frequency-Domaigy|nfrayesh RpRIbepBal mg&%%e%'I%W%é&é@ﬁéi&!%@%%%l&e"' Caries

Res. 38:497-513 (2004)]. On the other hand, for acid etched, lesions or erosions on the énamel surface

incurred after a sHIRPERPGIRFENG HiS bty basHh Page ! iHermritRie IisRIBREES sHURER offers
higher PTR signalicpatiasédinedartiesshonesopticalextinpt rtlernih kedeh micfeaeiass). The
detection and mon'tori.n%rgf.th se e osigg tg@% I%s(i)% Sei% r%ni){hgr gglgj(ia%alisionogg its 'is&echnology. The
diode laser driver o1y €.d. '‘EEhebSit e 8 igure %}]IS ARG armonicaﬁy Modulate the
semiconductor ladbraughent,(dad dasithigowsy tubigh)feecueangs.of 1Hz to 18 1000Hz, triggered by

the function generator ofrpsqitpLprR anRllabraBsiFing ke Bialqadis,a (i PCI-5122
(signal analyzer 106 and e.g. NI POI-5401 (function generator 108] and the appropriate software 110

(e.g LabVIEW). AHgsitBnbagH esshieepniire fEeipnrYd30eprodbsdiiMmbarseiovisaglighdriver 104
drives only one laggtebAcid seaisbaseantiepsnan imfigaie s Maresisia gavitrhifeaaeupling laser
driver 104 to one laser, or the other separately. The laser light will be_delivered to the dental
Camlo o1 toomh 196 TBP RSB A e B s R LY BT R SRHBLS pationte tooth)
through placing thieeafityoindandpiimag e thendea d0ediresyecios expgexihicp b tspasntalysample or

tooth 120 so that %%ﬁgﬁm@lggqﬂgumg?@ggﬁﬁ@ﬁt h %q%ﬂ%%}aé’r%%@%% p{%aser light emitted

from the distal en ocate e hand ead probe 82. The modulated

near-infrared LUM signaFf@Rfighingith Teaiiekes Mebibd aymisidameddeivssy aiptitdMber 96
through the reversgrhicas 438 (e acivamiaa REat) Bheiegiedahalsimue\RiiMyvihbe

understood that other optical fibers besides fiber 96 cquld be used to caollect the modulated

near-infrared LUMSgRSIHEAMBES BOMVE 0 G i Reirvins e fisaithialonial to fiber 96 may

be included in fibesttusnie W@toanchBbef@snceut hewedjeatadiip simeefietisingthedaser light to
the tooth and these othehﬂp&rs identical to fiber 96 could bfe used to, collect th? rg%?éjlated LUM

signals and they S RavE p%%ﬁﬁgl%ﬁ § Sé)uprtelac‘al y38885|8d”{‘83d‘e¥é’%?§|5 f‘.?zri Wit he need for
reverse deviations vs. frequency curves were developed for each signal and plotted

for each tooth. This allowed comparison of the behavior of each probed point
to a healthy smooth surface area.

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



splicer 130. As well, other detectors besides the Si photodiode 132 may be used, including any
semiconductor-based photocell with bandgap narrower than the luminescence photon energy, and any
other optoelectronic energy conversion device such as a photomultiplier or any detector of

luminescence photons, which may include a Gerrg nium (Ge) photodiode, an Indium Gallium Arsenide
(InGaAs) photodiode, or a Lead Sulfide (PbS) photodiode. A cut-on colored glass filter 134 (e.g.

Oriel 51345, cut-o vel - 715 nm) i ' -br ' o) todetector 132
for LUM measurekﬁ%vﬁ%seégr@gtg %méz%gr%r% %&Fo%%gﬁ%gsigrﬁggﬁ :}e‘?léét%%%r&%s%attered by
the tooth 120. 19had a\ypluedeseemajoniciact tbetinrestpaiesite avsoerrsrf opries.foheiljusting a

size of the beam gxiingfhe-Rngeal fiAbakasbrI4adbe snd WdhefbafRtadiEsigsysize of the area

of dental tissue being ima No luminescence data are possible under 830-nm excitation, since

ed.
photoluminescenc??@?ﬂiss%ﬂﬁ%’q@?@svﬁpé%%‘%ﬁ%m@ﬁlgﬁgﬁ“é]‘g?ﬁ@ﬁgﬁﬁf GerershtHE Bhotons than
the peaks of luminesceedeatit=nailaBR, i6F3rastbhOtithe reguenty sigpaiate thtretbrestaliested by a
concentric array of six silver.halide or pther suitably. S t.infrared optical fibers 98.and will be
Crected to the MCS DAL B e e T e B R T R o
maximum IR powebgenetinssion. dlvsaleasoossibleoptical elements other than mirrors are also

possible which will be kngyan L 1fess #idliedisung arbiysis 5 JRRRGCISIORA NRAY REent of

modulated laser power to test for systematic drift through reflectance, the reflected source power will
be collected by refPGVAEhETRER L8 figAH & Yiintheiimisistisosibrien MM SRASERYRE core light
delivery fiber 96 i9fecusetio BI reepiotirgymesislaisiduiatiedtartbe O, thrisesideneeng stcend channel

of the software loclc Iy amplfien 100411 %456tk ee orBr2RSHIMSAYIRGNAETR/ILUM requency
and / or spatial coordinate scan can be performed with this instrument. Freguencies can be varied

from 0.1 Hz to 1 k¢ensitividgreare halivagtifebmhandifiiowlieginediiclies angeeiatipely- 1 mm [Jeon RJ,
Mandelis A, Sanches ¥, 8atRRFREESihd ONS- I M PSHAARAG HEdT Yla@anain

Photothermal Radiometry and Luminescence Depth Profilometry of Carious and Artificial Sub-surface
Lesions in Humari"fB&f{ion BRsiied b prerseasitytiev it AEaangd iPstibshAate depths
accessible phototharaalrgssigrespasiitity tnoenitethlesesaioss IRagivgapaealigeralization

bel thi i [ ficial | l. Usj jCLO- iti 14Q d of

e wandiation SEU B P90 RAAIM A A ST Aol ATE D, SRS IS mbre o

C(_)ntrol the positioft cﬁfQ_Ia?é @aﬂ\_ﬁ@w@@)seT%wmwuﬁdd_djémmhmﬁqamethodAs discussed above

with respect o thadaviag Al el IS NORIALEbPT BadH UNLesssions Afs lipgflemodulated
amp aid modulate

into photothermal phase an itude components and s luminescence signals
were 0.78 at Dy and 0.85 at D3. From Table 3 it should be noted, however,

that a relatively small subset of all measurement spots was used for obtaining
the visual and radiographic statistics, compared to the much more |
comprehensive sample sizes used for the other methods, especiaily for PTR
and LUM. In addition, DIAGNOdent measurements were performed with |
that instrument’s fiber-optic waveguide, whereas LUM and PTR
measurements used direct incidence of the light on the tooth surface and
were subject to variable incidence solid angle limitations. This will be
improved by introducing fiber-optics as described in Figure 5.

Figure 3 illustrates 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



20 into luminescence phase and amplitude signals by a lock-in amplifier and processed to compare
the photothermal phase and amplitude signals to photothermal phase and amplitude signals of a
reference sample and comparing the luminescence phase and amplitude signals to luminescence
phase and amplitude signals of a reference sample.to obtain differences, if any, between the portion of
the dental tissue and the reference sample and cc}%felating these differences with defects in the dental

tissue. Further detgll are isploseg b Upiied SalenRalRpLNg. 658 3hjssysune 24, 2003 1o
Mandelis et al. which'ie mc%rpora ed herem in its entlreté y reference. e step of comparing
includes normalizisgptitepardtiadingibahadiaidyeiystds ahmastiningrssdmaioeahyliuaie signals by
ratioing phototherryakamnlitide signals at least two different frequencies, ratioing luminescence

amplitude signals at these two different frequencies, and taking the difference of photothermal phase
signals at the two frequelitRs8airia ssairatkrmifical BeighrRUkbRRASIHCRL RIJALR 2R two
different frequenciegip aanceheffesta ohlighé sonwesniensiy fask aterswtddpstoumenty frequency

dependence.  The step of comparing also,in Iu‘(‘iee rating a baseline sjgnal transfer function,
H(f), by obtaining r"é@u{%f%\?-{{s’c %gtg' Fom the re e?gﬁgé%qugrﬁgi%avc\/ﬁﬁ) a#’c?vr\}hAr%lc?q}cl)'?n\"“'er}r*i?: and dynamic
(ac) luminescenceFfyopeiticthandifredadmnly vespdespsahattmpantioethghisitien ssf b eauidice and the

known healthy po@@OgQE%@WH@X%&?H%BE@“ﬁQ Qﬁawm@gm QF@@HH%%VP%?.IE‘U%% scence

luminescence amplitudes, and phase differénces between photothermal phases an

phases at differenPBoriBRbidS® AR SIRAMBig P tREeh e ARSIMEIN TRl Sribing, FeapigRst the The step
of demodulating theresnittaspBeighieral signalt puptdotathemahphasepd aypiwed components

d the lumi ignals into lumi lit i is, d [ lock-i
mplfer and the REETAEHES HATGUHEY T BBIRG Aok 15 A BUASR A PRE) FeLpaREcSAHE reforence
samp!e may be a kigpaihchealiby p@uiepmadmegioﬂsanqiméiaae:idmrtdlag,on the tissue being
examined. Th%@%ﬂﬁ{‘é%&ffégﬁrﬁ. '} &%g;{@g%&%%ﬁmm%@gﬁéﬁw&m@&xmP'e’

and the size of the spot Is determined by core iber, the presence or abseénce of focusing optics
at the end of the filserlectdyefdriingrre spapadisaidisiardchrige®merging light beam from the

tooth surface. Under normsd prerahioniridoaisstboiant Sieivptienfias tHadlewibhgingentact with
dental surface under examination. Increasg%or,gecreasinéithecgmg(jiarg;ter allows a clinician to
examine an occlu@FREAE SItNoL SHRAETIRIEREI G HiELorE RP CESAUSRESH-With a wider
beam one can detectssigindl fnomrdvsdercamaoidhavhileuthe PTRMglver? dksiratessanfiaodulated
infrared lock-in imagin e Q r . Tog rQvi odulated
sinusoidal wavefo%r%r?lotrog‘ t%%i(a hﬁigjer r%ﬁbq%a%c? %g&%%%gﬁgﬁé%?ﬁ c'gﬁﬁlétét}c% %ﬁ'g%a?éﬁ%%ﬁﬁgt is a light
source appropriat@gseiipuhactias ko Misteesyreifsivaiehurmisii s aiareest a sample of dental tissue
168.  PTR and LUM gighplsrarginiededdyreaembipeciatiaiad sameiadmhérangaidnfrared

camera such as InGaAs for ac luminescence and a mid infrared camera such as hlﬁCdTe for

photothermal detetQIBHSWiach T gyarsl By FRe SRR iR MIERERNG tE2HE Be Y AUKBRRS with the
laser driver 164. GaideftealiAk)ike2amjvioaim éaCdibuor Ciddade iftaitds siensioF kondsn@ion of lenses
o project an imaggn%nfg%taasgseia%%:tﬂgf@rr&%é W&gﬁ? ’r%rr%alancing the pH at 4~4.5). Figure 4

shows both PTR amplitude and phase showed clearly monotonic increases

after each treatment while LUM was nearly insensitive but for the slight rigid

shift (decrease) of the curves across the scanned region believed to be due to

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 5z and 5b at 5 Hz and 500 Hz,

respectively, increased with treatment time while the LUM signals slightly



composed of multiple pixels. The detector array in the modulated IR camera is similar to the image cell
in a digital camera. Each detecting element (pixel) will generate a signal due to excitation by photons.
In the present application, the signal is being modulated, so it is an AC signal; The AC signals are sent
to the computer 172 which is equipped with a Ioclﬁ-'n amplifier, such that the computer demodulates
the signals which are sent from camera 170, pixel by pixel, into two components; amplitude and

phase. Then thesggignals sapplilidspRsPhanes HEHARS W aieaihaeriribleUmasisARie monitor for

observation by the clinician. _ Entire images from the cameras are collected at a rate at least double
that required by tieelRsHm Y iBRRrENASEEMAAEIIRFTR ERTA) &ha Arp&amsiaRnEsituter, each
image averaged aygfier Swithle nuwiieh aLipativtiselighk-indselvdeappiedddteyedrmges yields
amplitude and ph%gaérlba es disgla%/ed an the,computer screen by the operator. These signals from

the cameras sent ’Hﬁﬁﬁ% F a

ﬁ"’?ﬁot\’ﬁ?v\io dimensional lock-in images at the modulation
frequency of the |&sgure2® iliustRistianatieriadivmayboditkstahiatedrpaddisaté€d photothermal signals

from the camera LAl desiadinirbiaie sl teimlinaiabarmal lane: ndhameide components

and the images of m luminescence signals are demodulated into signals of luminescence

phase and amplitfig¥ikigRaanupty erTodaRedPeiRiis BrReEBRTEHERIVRD RO SARFIREN comparing
the images of phataiiieraal Ripssalarh@mplitede Bignalmieinagesiehphaiaipataiddwase and

amplitude signalsﬁff a reference sample and comparing the ima ?s 0 #Jminescen Iﬁase and
amplitude signals §¥S 8@'3?%%?%%%@%@}5% er%?]%" ?nn?ﬁ??ﬂ%é‘r |gg ae?g%sfszaopeg%?g% %nsample to
obtain Qifference_smiéam;,&ﬂem iﬂtéupeaiatdioﬁmtass_mrdaihﬁséw aiml_:t_m?aiiyerfemgla“mple and
correlating the d'@ﬁéﬁ%ﬁﬁé% A SHS H}@&igﬁ%hﬂ?é%which‘&%%'%ol%w ﬁ{té'l%go%'é‘féﬁf ed camera

170, in another embodiment of the iImaging apparatus a modulated visible light camera 174 (preferably
a CCD camera) cERPHISEHELIS8H hragigiorcas tRsimRzizgristarido Wl histestanifeanst fe tooth at

visible wavelengthsiphetigecsdatofdt agdvantageeltiis eamiiaation dgdha itdipyideribetter control
of where the laser peam is located g% éh? tooth and f%r the IR cag1 'éa shat th?télinic'an wants to take
b

of the tooth or roct'SOARANRRFHERRCABIS RRAIRLES RRisReCS e AR B %88 o do
phase-locked LU m_ﬁmmgin_gclhmqldgiﬁdn hli_dﬁ@imhkt_hel?ﬁ'@dm&gia@nﬂmadnaﬁﬂgédm‘ (8GTTCCD visible
range camera 17%&%&&%‘:,'tq?ﬁ%Y'&'SE%QPc‘?rﬂHé‘i'%Qu‘{&"@e% 398 R1dne et or %&%R}Hﬁ@ﬁ%&‘”def
examination and allows a’clinician to mark on the image the areas that need to be examined. This

provides the clinideihvideh(Mpermaldaeiwcarbastapelenital RbSg g eirminbrar IodiuTong term basis.
Colour changes, aspefiglly thegrReacaNCa PNt ARBIRMHERNISEPYMREICaIR AR Presence of

demineralized or remineralized enamel lesions. Once located and stored the clinician can then monitor
changes in PTR dAgYDFalnAEsEnide 5808l 98i8518lide the patient with a printout of the areas
in question. The conpensiong ©@h: crmadeal Litvroaihbeleketion hediseBaderfernfitasitoring the

ith sutable optcA eI S e e e o S i CO 2 B L T2 ey
can be used in a modelgteanooletoogues 28 MY inakpeicatryotectilianslS30-nm
| respectively {e.g. maximum power 100 mW, Optima Precision) is used as the
PTR/LUM sources coupled by an oplical coupler 84 and opticai fiber 96
optically coupled to the coupler 84 at one end thereof into an optical fiber
bundle 100 which includes in addition to fiber 96, several multi-mode, large
diameter core silver halide optical fibers (e.g. Ceramoptec) 98 through a muiti-
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 bundie 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 rofation 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



23 frequency as explained in the margin above: with a switchover of the controlling computer software.
Thus, the apparatuses disclosed herein provide a very useful method for addressing important dental
problems such as the detection and or diagnosis of smooth surface lesions, occlusal pits and fissure
lesions and interproximal lesions between teeth whjch normally go undetected by x-ray radiographs
and visual examination. The instrument is also able to detect early areas of demineralized tooth or root
and or areas of remj ' S - ns iQns
including crowns, EP&%?&W% %ang @L%?érﬁ%r#r%iﬁsgh%&vﬁfﬁﬂﬁgﬁg@ g?ﬁ%@é%ﬁ?i%méﬂgapable of
inspecting a local 5ptst piecetddthisairedeyinstinisientviTiyavey thichpaseiesniddusaastidiaging of
the sub-surface of qdarastioRibibmusistianulizay infrared camera (Figure 7). A visible camera is
used to monitor changes on the surfaces of the tooth such as white spots and other signs of

demineralized or reminelAIFd65uFURRLEG lulure PRTDHALNE 5 BREFICHRDARANE DS a patient's
tooth using the apphiatusrefdrigilrbsdarcdpprahthe toxeiakiltel detbdoire zesnis @oamiskor root
caries lesions inclydi t ineralizati remi ization,: lon.Jesions including both
demineralization a%?ﬁ%r%%@r%ﬁ%ﬁgﬁﬂ ﬁge%r%y %%‘%eﬁg%ﬂ?ﬂr%a%g% Iﬂggﬁﬁgﬁrﬂ Yen monitor the area
in question or instiifteleB#f@ctive measures to treat the tooth by using lasers to i) remove the decayed
or carious tooth materialriniseayeiRadestngifning reewnHBCRIBRAt leaiRierga Aion design, iii)

alter the surface usig, a laser, iv,halt r the surface to allow the uptake of various media to enhance
remineralization, GBI EERRHIN A aRE R iReiale e nesraipion of datindterMineralization of the
surface, vi) cure owsetengdtesialrossthepiestinsdiffacentegiticaig tretotkbntadpting aodtfamsiion, using
suitable 'aser_'f'“eﬂg_%r%elb‘é f%ﬁ%ﬂ&%%'%é%?ﬁ&%ﬂt%@é&é}gﬁe"aefﬁgﬁ‘e%% ghEh fﬁ?{ BIBCISE, QPUMIzed
control of optical radiation delivery and thermal enérgy generation. unngg Is'process of carrying

out these various ebiecanvtcalais wniatcadhedeesd seriteningiapefisippeofrimosh@tethgental tissue
during these interveipiianalsligr aioaryvipasandiipsroltisgleathiycnpsirtpeminad,PTR and-
LUM using the apparatus of&%u%es 6 Qr 7..;%4 géa\&ev;ces disclosed herein using combined
PTRILUM can be COABRBAVIRR O HECIREERY 7 450aRY Bl0mas iengraliehe ISpRemailumination
(DIFOTI), Quantitainredseser AlOGr¢Soen tar¢@LF te@ptical o Heserrealomegd b YdQeinigand or
Electrical Caries Resi itQri rovide additiopal jnformation on the status of the
lesion or defect b&%%%@%%%ﬁ?é%%%goﬁﬁﬂ\géﬁg I’ti}I{ uﬁess% lﬁ?e%t%ﬁe{a?%a\fl%lgex}’é |ir?g[;n8escriptions in
the literature on ha¢camghieBtRsiioabtaripiprialiggdudsBOitcomings. QLF is able to detect

uminescence thoughouydap, a4 deaaiAEsEaAE) EARFIRARINARIRRIU RS gExt layer o
|

dentin. The colour change in luminescence is used to detect and monitor demineralization and

remineralization. ¢SSE§IREER A5G SR aL b iidhrR0dwa sawEe S BubE highhitor the
change in size of fiedesiendstioneesubsifath YafiesaafesBB® RAIskAR BPLGRROSH i their

orientation. Electrical Caries ista onifors change jn electrical potential across a dry
tooth surface. The%t"él%ﬁﬁfaﬂgi i%‘é%ﬁﬁ%g@; ME%{Sr’Stg}ngHapY%%h’rr@Qi%fﬂﬂiﬁo%%r n%?ﬂforing. It is
currently not able ifdrpeingd &lanmcdeistiingdneqiencydouraiodtintstiesimaidR ademetgemineralization.

Furthermore, the EHFF&%&_@BH&@Q{&&P@?&%EH%&Q méoaﬂﬁtﬁ?ﬁﬁﬁgi Q%S“é fiificially created

lesions and or natural lesions in vitro. This can then be used to test in vitro the ‘effects of various

techniques, mateh&RYiSstigdHnead gebreatEEYHeN ORisB884 R HiIa eleris BhsHtaTaRificial

carious lesions ongadiersHass ELEINdHNe Asplserise - MaMGERLIRTR AN ek can then be
used to detect cr(lﬁtng,g% :Q tlhes lesions induced b@/}gthe apgg)lication of various substances. PTR and

LUM can be used'td SRSHCTPEIAEh Brteihsretbationl Safirmetviasidlization after the
application of varitbiosi slalefarees touthinésotinos 100sses{&es. BIRoTap therobe)zonibingd with other
sensitive but destgﬁgg}/ﬁ atﬁthcggues Sl{gﬁ MicroCT and.TMR t%@easure Iesir?n changes and

a

provide a visual representation o%ctﬁeeles%ns?%?ns OrAes’:%Ssiférc'ish%nreln, ﬁﬁ‘@%‘ﬂﬁé’ ' 88?1‘115%‘1; é@‘ﬂi
"comprising", "inciiting shed GrpRrIES tarneeheichiod agapditieinblrsirevandlensth ended, and

not exclusive. Spesificallyruangiscbireiis SREGIEAHABIRl SRS IS APLAS, coRmPrises”,

"comprising”, "including” and "includes" and variations_thereof mean the specified features, steps or
components are iHeRIAdE feyduaicrometers). The detection and monitoring of these erasion

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



25 terms are not to be interpreted to exclude the presence of other features, steps or components
_The foregoing description of the preferred embodiments of the invention has been presented to .
!Ilustrate the principles of the invention and not to limit the invention to the particular embodiment
illustrated. It is intended that the scope of the invention be defined by all of the embodiments
encompassed_within the following claims and theigsequivalents. 26 Table 1. Diagnostic criteria for the
Visual Inspection, DIAGNOdent, X-ray and Histological Observation General Description of Levels of

Caries

1000Hz, triggered by the function generator of a software lock-in amplifier
consisting of a PC Board [e.g. Ni PCI-5122 (signal analyzer 106 and e.g. Ni
PCI-5401 (function generator 108] and the appropriate software 110 (e.g
LabVIEW). A fast enough computer 112 is required for processing the
signals. Laser driver 104 drives only one laser at a time, and as can be seen
in Figure & there is a switch for coupling laser driver 104 to one laser or the
other separately.

The laser ligh;[ will be delivered to the dental sample or tooth 120 (for
example a dentist using the hand held unit 144 to illuminate a patients tooth)
through placing the end of the optical fiber bundle 100 in very close proximity
fo the dental sample or tooth 120 so that the dental sample is illuminated by
one of the‘ two wavelengths of laser light emitied from the distal end of optical
fiber 86 located in the hand held head probe 82. The modu!ated near-infrared
LUM signal from the tooth 120 will be collected by the same delivery optical
fiber 86 through the reverse splicer 130 to the active area of a Si photodiode
132 However it will be understood that other optical fibers besides fiber 96
could be usad to collect the modulated near-infrared LUM signal from the
tooth 120. For example, one or more fibers identical to fiber 96 may be
included in fiber bundle 100 and fiber 86 could be dedicated to simply
delivering the laser light to the tooth and these other fibers identical to fiber 96
could be used to coliect the modulated LUM signale and they could have
proximal ends optically coupled to detector 132 without the need for reverse
splicer 130.

As well, other detectors besides the Si photodiode 132 may be used,
including any semiconductor-based photocell with bandgap narrower than the
luminescence photon energy, and any other optoelectronic energy conversion

device such as a photomultiplier or any detector of luminescence photons,

~ which may include a Germanium (Ge) photodiode, an indium Gallium

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-bracket 136 in front of the photodetector 132 for
LUM measurements generated by the 670-nm laser, to block laser light
reflected or scattered by the tooth 120.



Visual Inspection (1-10) DIAGNOdent (0-99) [Lussi et al. Caries Res, 1999] Radiograph Histological
Observation Do: Intact

19

Apparatus 80 may include bearn expansion and focusing optics for
adjusting a size of the beamn exiting the optica! fiber attached to the end of the
fiber for adjusting a size of the area of dental tissue being imaged.

No luminescence data are possible under 830-nm excitation, éince
photoluminescence emission requires irradiation with higher energy (shorter
wavelength) photons than the peaks of luminescence at ca. 636, 673 and
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 no intervening
IR lens elements, for maximum IR power transmission. infrared focusing
optical elements other than mirrors are also possible which will be known to
those skilled in the art. |

For the occasional measurement of modulated laser power to test for
systematic drift through reflectance, the reflected source power will be
collected by removing the filter 134 from the same Si photodetector 132 onto
which the core light delivery fiber 86 is focused. For monitoring moduiated
reflectance or luminescence, a second channel of the software lock-in
amplifier 106 will be used.

At each measurement, a PTR/LUM frequency and / dr spatial
coordinate scan can be performed with this instrument. Frequencies can be
varied from 0.1 Hz to 1 kkHz or higher, ensuring thermal diffusion lengths in"
the range 12 pm — 1 mm [Jeon RJ, Mandelis A, Sanchez V, and Abrams SH.,
“Non-intrusive, Non-contacting Frequency-Domain Photothermal Radiometry
and Luminescence Depth Profilometry of Carious and Artificial Sub-surface
Lesions in Human Teeth”, J Biomed Opt. 9:804-819 (2004)]. This range of
sub-surface depths accessible photothermally assures our ability to monitor
deep carious lesions or demineralization below a thin remineralized superficial
tayer 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 resclution
better than 5 pm.

As discussed above with respect {o 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
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into luminescence phase and amplitude signals by a lock-in amplifier and
processed to compare the photothermal phase and amplitude signals to
photothermal phase and amplitude signals of a reference sample and
comparing the luminescence phase and amplitude sighals to luminescence
phase and amplitude signals of a reference sample to obtain differences, if
any, between the portion of the dental tissue and the reference sample and
correlating these differences with defects in the dental tissue. Further details
are disclosed in United States Patent No. 6,584,341 issued June 24, 2003 to
Mandelis et al. which is incorporated herein in its entirety by reference.

Thé step of comparing includes normalizing the photothermal
amplitude signals and the luminescence amplitude signals by ratioing
photothermal amplitude signais at least two different frequencies, ratioing
juminescence amplitude signals at these two different frequencies, and taking
the difference of photothermal phase signals at the two frequencies and
taking a difference of luminescence phase signals at the two different
frequencies to cancel effects of light source intensity fluctuations and
insfrumental frequency dependence. '

The step of comparing also includes geherating a baseline signal
transfer function, H(f), by obtaining frequency-scan data from the reference
sample with known radiometric and dynamic {ac) luminescence properties
and frequency response, and comparing the portion of a surface and the
known healthy portion of a tooth by means of ratios of photothermal
amplitudes, ratios of luminescence amplitudes, and phase differences
between photothermal phases and luminescence phases at different
frequencies for cancellation of the instrumental frequency response.

The step of demodulating the emitted photothermal signals into
photothermal phase and amplitude components and the Juminescence 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 be 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
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lenses) and the distance of the emerging light beam from the tooth surface.
Under normal operation of the instrument the optical fiber bundie will be in
contact with dental surface under examination. increasing or decreasing the
‘beam diameter aliows a clinician to examine an occlusal fissure and negate
the influence of fissure geometry or angulation. With a wider beam one can
detect a signal from a wider area of the fissure.

Figure 7 illustrates a modulated infrared lock-in imaging system shown
generally at 168. Function generator 162 provides modulated sinusoidal
wavefonn fo the laser driver 164 to supply modulated current to the laser 166
that is a light source appropriately expand so as to excite a desired area of
the surface of a sample of dental tissue 168.

PTR and LUM signals are collected by a combined infrared camera
470 (a near infrared camera such as inGaAs for ac luminescence and a mid
infrared camera such as HgCdTe for photothermal detection) which is
triggered by the function generator 162 to be synchronized with the laser
driver 164. Camera 170, like any camera (film or digital), includes a lens or
combination of ienses to project an image onto a detector array. Images are
composed of multiple pixels. The detector array in the modulated IR camera is
similar to the image cell in a digital camera. Each detecting element (pixel) will
generate a signal due to excitation by photons. In the present application, the
signal is being modulated, o it is an AC signal. The AC signals are sent fo
the computer 172 which is equipped with a lock-in amplifier, such that the
computer demodulates the signals which are sent from camera 170, pixel by
pixel, into two components; amplitude and phase. Then these signals,
amplitude and phase, are used to create a visible image on the monitor for
observation by the clinician.

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 modulation frequency of the laser.



401 - 10. E_namel_ caries greater t.han 1/2 the distance to DEJ Demineraliz ed fissure but solid enamel
bgse D3: hlstqlogmal dentinal caries limited to the outer half of the dentin thickness 6 - 8 Restore the
Fissure with direct placed restoration 10.01 - 18 Caries into dentin

22

Particularly, the images of the emitted modulated photothermal signals
from the camera 170 are demodulated into signals of photothermal phase and
amplitude corﬁpdnents and the images of modulated luminescence signals
are demodulated into signals of luminescence phase and amplitude signals.
The demodulated signals are converted into images and then comparing the
images of photothermal phase and amplitude signals to images of
photothermal phase and amplitude signals of a reference sample and
comparing the images of luminescence phase and amplitude signals to
images of luminescence phase and amplitude signals of a reference sample
to obtain differences, if any, between the portion of the dental tissue and said
reference sample and correlating the differences with defects in the dental
fissue. _

In addition to using an infrared camera 170, in another embodiment of
the imaging apparatus a modulated visible light camera 174 (preferably a
CCD camera) can also be used in addition to the IR camera 170 which allows
images of the tooth at visible wavelengths to be recorded. An advantage of
this combination is that it provides better control of where the laser beam is
located on the tooth and for the IR camera shot the clinician wants to take of
the tooth or root surface under inspection. Modulated visible cameras may be
used to do phase-locked LUM imaging, in addition to the lock-in PTR imaging.
An advantage of using CCD visible range camera 174 is that it provides the
clinician with an image of the tooth or root surface under examination and
allows a clinician to mark on the image the areas that need to be
examined. This provides the clinician with a permanent record of areas that
need to monitored on a long term basis. Colour changes, especially the
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 prinfout 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 opticaf filters to
exclude contributions outside the LUM specfral range (700 to 850 nm) can be

used in a modulated mode to generate LUM images at some suitable
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frequency as explained in the margin above; with a switchover of the
controlling computer software. |

Thus, the apparatuses disclosed herein provide a very useful method
for addressing important dental problems such as the detection and or
diagnosis of smooth surface lesions, occlusal pits and fissure lesions and
interproximal lesions between teeth which normally go undetected by x-ray
radiographs and visual examination. The instrument is also able to detect
early areas of demineralized tooth or root and or areas of remineralized tooth
or root as well as defects along the margins of restorations including crowns,
inlays, fillings etc.. The instrument shown in Figure 6 disclosed herein is
capabie of inspecting a local spot on a tooth, and the instrument of Figure 7 is
capable of modulated imaging of the sub-surface of a target tooth by using a
multi-array infrared camera (Figure 7). A visible camera is used to monitor
changes on the surfaces of the tooth such as white spots and other signs of
demineralized or remineralized tooth surface.

Thus, based on the results of scans of a patient’s tooth using the
apparatus of Figures 6 and/or 7, if the clinician detects for example enamel or
root caries lesions including both demineralization and remineralization,
erosion lesions including both demineralization and remineralization on any of
the tooth surfaces, hefshe can then monitor the area in question or institute
corrective measures to treat the tooth by using lasers to i) remove the
decayed or carious tooth material, i) prepare the tooth using krniown principles
of tooth preparation design, iii) alter the surface using a laser, iv) alter the
surface to allow the uptake of various media to enhance remineralization, v)
apply a medium that will either seal the surface or promote remineralization of
the surface, vi) cure or set a material on the tooth surface 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.

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.



* Converting equation to determine numeric ranking FIR amplitude The shape for a healthy spot in
log-log plot is almost linear from low frequency (1 Hz) to high frequency (1000 Hz). Unhealthy
(demineralized surface, enamel caries or dentin caries) spots show greater amplitude at all frequency
ranges compared to healthy spots. Unhealthy spots show a curvature (greater than healthy spots) in
the frequency range of 10 - 100 Hz in a logarithmig plot. (slope at low frequency) - (slope at high
frequency) average of 4 frequencies PTR phase The shape for the healthy spot in log (freq.) - linear
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spots show higher phase at low frequency range and thereverse at the high frequency range than

healthy spots. (avepageinshwibedhardpifctiensereds s 68 Pigial (s Sdetisf
Transillumination (DIFOTI), Quantitative Laser Fluorescence (QLF), Optical
Coherence Tomography (OCT) and or Electrical Caries Resistance
Monitoring (ECM) to provide additional information on the status of the lesion
or defect being examined. Each of these techniques mentioned, have
existing descriptions in the literature on how they detect lesions and their
various shortcornings. QLF is able to detect luminescence throughout the
entire depth of the enamel surface to the junction with the next fayer or dentin.
The colour change in luminescence is used to detect and monitor
demineralization and remineralization. QLF is not capable of any depth
profilometric examination but can monitor the change in size of the lesion as
long as the tooth surface reference points do not change in their orientation.

Electrical Caries Resistance monitors the change in electrical potential
across a dry tooth surface. The technigque is described in the literature and
requires a dry field for monitoring. It is currently not able to provide any depth
information about a carious lesion or area of demineralization.

Furthermore, the current laboratory apparatus can be used to detect
and monitor artificially created lesions and or natural lesions in vitro. This can
then be used to test in vitro the effects of various techniques, materials or
substances o create erosive lesions, demineralized 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 lesions induced by the
application of various substances. PTR and LUM can be used to detect the
amount and extent of demineralization and or remineralization after the
application of various substances to the tooth or root surface. PTR can then
be combined with other sensitive but destructive techniques such as MicroCT
and TMR to measure lesion changes and provide a visual representation of
the lesions. (o |

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 including claims, the
terms “comprises”, “comprising”, “including” and “includes” and variations

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



phases at 2 high frequencies (211.35, 1000 Hz)) LU M amplitude Both healthy and unhealthy spots
show same shape: higher amplitude at low f than at hi h g f. Unhealthy spots show greater amplitude
than healthy ones. average at 3 frequencies (1, 211:35, 501.18 Hz) one phase signal at high
frequency (501.18 Hz) LUM phase High frequency range (> 100 Hz) only, unhealthy spots show larger
phase than healthy ones. 28 o5

terms are not to be interpreted to exclude the pfesence of other features,
steps or components.

The foregoing description of the preferred embodiments of the
invention has been presented to illustrate the principles of the invention and
not to limit the inventior{ to the parﬁcuiar embodiment Mlustrated. it is intended
that the scope of the invention be defined by all of the embodiments

encompassed within the following claims and their equivalents.
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Table 4. Diagnostic criteria for the Visual Inspection, DIAGNOdent, X-ray
and Histological Observation

General Visual DIAGNOdent
Description of . (0~99) [Lussi . Histological

Levels of in(s$ f;; g;’“ et al. Caries Radiograph Observation

Caries . Res, 1999]
Healthy: Sound

. indicating no enamel or
Do: Intact sign of Healthy

demineralization | fissure
Demineraliz
ed fissura
but solid
. anamel
Dy nocaries, | 1~2 )
or histotogical | Incipient or | biiﬁ‘ very
enamel caries | Healthy Enamel caries gnamei
limited to the Fissures 0-4 under 1/2 the thickness to
outer half of Observe & distance {o DEJ the puip: at
the enamel Monitor | P 1‘%
thickness egast
thickness of
enamel
remains
i intact
, . 2~5
Dy histological | .

. Fissures . \
e | Enamrcares | DR
beyond the | Suspect 401~q0 | greatertan 121y ohig

Fissure = _ the distance to
outer half, but enamel
. Sealant DEJ
confined to the base
snamel recommen
- ded
Da: histological | 6 ~ 8
dentinal caries | Restore
fimited to the the Fissure
outer half of with direct 10.01~18
fhe dentin placed
thickness restoration L,

L . g9~10 Dentin caries Carle_ss into
Da: histolegical Dee dentin
dentinal caries ?
extending into Dentin

. Caries > 18.01
the inner half
) Large
of dentin ;
thickness carlous
lesions ]
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Table 2. Characteristics of frequency scan curves of PTR and LUM

Signal

General characteristics

Converting equation fo
determine numeric
ranking

PTR
amplitude

The shape for a healthy spot in log-log
plot is almost linear from low frequency
(1 Hz) to high frequency (1000 Hz).
Unhealthy (demineralized surface,
enamel caries or dentin caries) spots
show greater amplitude at all frequency
ranges compared to heaithy spots.
Unhealthy spots show a curvature
(greater than healthy spots) in the
frequency range of 10 ~ 100 Hz in a
logarithmic plot.

(slope at low frequency)
— (slope at high
frequency)

average of 4 frequencies

PTR
phase

The shape for the healthy spot in log
(freq.) ~ linear (phase) plot is almost
linear from low frequencies (1 Hz) to
high frequencies (1000 Hz).

1 Unhealthy spots show higher phase at

low frequency range and the reverse at
the high frequency range than healthy
spois.

(average of phases at 2
low frequencies (1, 6.68
Hz)) — (average of
phases at 2 high
frequencies (211.35,
1000 Hz))

LUM
amplitude:

Both healthy and unhealthy spots show
same shape: higher amplitude at low f
than at high f. .

Unhealthy spots show greater amplitude
than healthy ones.

average at 3 frequencies
(1, 211.35, 501.18 Hz)

LUM
phase

High frequency range (> 100 Hz) only,
unhealthy spots show larger phase than
healthy ones.

one phase signal at high
frequency (501.18 Hz)




0.61/0.58 0.81/0.77 280 Visual Inspection 0.51/0.36 1.00 / 1.00.52
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Table 3. Sensitivities and specificities at the caries level of enamel (D)
and the caries level of dentin (Ds) for various examination methods

e armination method Sensitiv[ijnf( {t)hreshold Specificétyl éhreshold . ;’f;;i .
( 2 3) ( 2 3) Of pOthS)
PTR ~and LUM 0.81/0.79 0.87/0.72 280
combined
PTR only 0.697 052 0.8670.72 280
LUM only 0.6170.58 0.81/0.77 580
Visual Inspection 0.561/0.36 1.00/1.00 52
Radiograph 0.29/0.36 1.00/0.85 52
DIAGNOdent 0.60/0.76 0.7870.85 131




Radiograph 0.29/0.36 1.00 / 0.85 52 DIAGNOdent 0.60/0.76 0.78 / 0.85
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CLAIMS:

1. An in vitro method for detection of defects in dental tissue separated
from a subject, said defects including erosive lesions, pit and fissure lesions,
interproximal lesions, smooth surface lesions and root carious lesions in
dental tissue, comprising the steps of:

a) illuminating in vitro a portion of a surface of said dental tissue with at
least one waveiength of light using a hand held probe head which is attached
to a distal end of a flexible optical fiber bundle, said optical fiber bundle
including a first optical fiber having a proximal end in optical communication
with a fight source which emits at said at least one wavelength, and a distal
end terminated at said hand heid probe head for transmitting light from said
fight source to said 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 modulated luminescence signals emitted from said dental tissue
to said detection means, and a second pre-selected number of said multi-
mode optical fibers being mid-infrared-transmitting opfical fibers for
transmitting modulated photothermal radiometric signals emitted from said
dental tissue, wherein upon illumination of said portion of a surface of a dental
tissue with at least one wavelength of light modulated photothermal
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 emitied modulated photothermal
radiometric signals with a second detection means;

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

and amplitude signals; and



131 29 CLAIMS: 1.An in vitro method for detection of defects in dental tissue separated from a
subject, said defects including erosive lesions, pit and fissure lesions, interproximal lesions, smooth
surface lesions and root carious lesions in dental tissue, comprising the steps of a) illuminating in
vitro a portion of a surface of said dental tissue with at least one wavelength of light using a hand held
probe head which is attached to a distal end of a Hgxible optical fiber bundle, said optical fiber bundle
including a first optical fiber having a proximal end in optical communication with a light source which

emits at said at Ieag one Wﬁr\’ﬁﬁé‘ﬁ%ﬂ%ﬁwg%l Fﬂ%é@rﬁﬂﬂ%ﬁ%ﬂfﬁ%@%%'d probe head for
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transmitting light fro Said source to said dental tissue by a clinician handling said hand held
probe head eitbtipicaklipbaseacis imchitins s BRAEIGT & PEERGIEENEERABers having distal ends

terminated at said hand held pro mm eRlicalh;scouPles issaiskdetection means,
a first pre-se?gg?ggrﬁrﬂﬁn%aé#i%P@éigeer%ﬁig?na@gggg%%cal fibers bein%%near_-infrared-transmitting optical
fibers for trapsastingdrardplitet |sighas céncesisgpes samal fo rPiain dErantssudito said

detection means, and 2. second pieeseleder numeyol seid mullignederaaicaldiapts being

mid-infraredﬁpélngr%mien%nosp?fc ers for transmitting modulated photothermal radiometric signals
emitted fromcsaidl dimyad dissuifendrereimwiiforaireignatrHb satd pE%én of a surface of a dental tissue
with at least one wavelength of light modulated photothermal radiometric signals and modulated

luminescence signals are responsively emitted from said portion of said surface of the dental surface;
b) detecting 3aid effifitechetbddlatebidinintsciaice iyhareinigais fist dsisstion MEARS &hd detecting

said emitted modulated photathermal. radiomelric, si i qaddatestionreans, C)
demoduIatina”sglgaer%%t(g%%%%fu gr?éagd{grgotot gr%ilgr@ Eﬁ(%%czfﬁlalg Ji_n_to phototherrgal phase and
~ amplitude casmajpomenhsiaied demodatativee hidvisdanalsd andinbsieiteailpareiflo luminescence

phase and acq)é?g% %% Shi%nae}%%; ig%dmsl)guinfrared detector sensitive in a mid-infrared spectral

region for detecting said modulated photothermal radiometric signals.

3. The method according to claim 1or 2 wherein said second detection
means is one of a Mercury Cadmium Telluride (HgCdTe) (MCT) detector, a
meroury~cadmiurﬁ—zinc~teliuride (MCZT) detector, a Lead Selenide (PbSe)
detector, an Indium Arsenide (InAs) detector, an indium Antimonide (InSb)

detector, and an Indium Gallium Arsenide (InGaAs) detector.

4. The method according to claim 1, 2 or 3 wherein said first pre-selected
number of said multi-mode optical fibers is one and is identical to said first
optical fiber, said first optical fiber being sensitive in said near infrared spectral
region and is used for collecting and transmitting said modulated
luminescence 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 (iInGaAs) photodiode, and a
Lead Sulfide (PbS) photodiode.

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

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



d) comparing said photothermal phase and amplitude signals to photothermal phase and amplitude
signals of a reference sample and comparing said luminescence phase and amplitude signals to
luminescence phase and amplitude signals of a reference sample to obtain differences, if any,
between said portion of said dental tissue and said reference sample and correlating said differences
with defects in said dental tissue. 2. The methodgg¢cording to claim 1 wherein said first detection
means is an infrared detector sensitive in a near-infrared spectral region for detecting said modulated

luminescenge 'QL%%S erein Spith SREANdigeiestinn sneansasdemidiinfrased detector
sensitive in%ar%ﬂﬁ?@re sp%%?r%wleégion for detecgsr?g §aid modulated photothermal radiometric

signals. 3. dpiEcaidthettaccording to claim lor 2 wherein said second detection means is one of a
Mercury Cadmium Telluride (HgCdTe) (MCI) detector, a mercury-cadmium-zinc-telluride (MCZT)
detector, a Lead Seienide (PbSe) detector, an Indium Arsenide (InAs) detector, an Indium Antimonide
(InSb) deteétor, arthametihad @am{ﬁh“!@\@eﬁmQﬁ@@i&gﬁd@@ﬁgmﬁ?’?ﬁ@n@ﬁ%%wording to claim

1,20r3 theaf%”afgb%&fskefﬁggsﬁgiﬁfaﬁ e 9 2RIt midtinmese cptisa fibers ispagi@nd is identical

to said first optical fiber, Said first o fiber being sensitive in said near infrared spectral region and
is used for ¢oltestimjcamditaiosiaaiig smdtingdgikadtiumnaveliisRRI9 &Mt dm said dental

tissue to saiéjeggg é’?éggp%?n%gfﬁvi{h%dSM\‘?é\éﬂé’t?!"Eﬂ?@% said laser light to said dental tissue. 5. The

method according to any one ofthe 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 aLead, Jylide (i) pRaipeiare 7 QuThiemelborgearinadaany oave of the

preceding cldaims wherein said second pre-selected number of said multi-mode optical fibers for 31
transmittingteaic phutothdustar ladrmars ajcally sreunicsr hardeortifal SRIRIYPIRASMErs. 7. The
method accrﬁrdtir%%)&o any.ape of the preceding claims wherein said at least one laser light source is
two semicomtuictor asers, a first of said two semiconductor lasers emitting light with a wavelength of
670 nm, and a second laser emitting with a wavelength of 830 nm. 8. The method according to claim

7 wherein lager light eriliad JiPay SBIHAYS SRIFSR R BIdFHeISBIRPRETRLIRSUBIRG by an optical
coupler intosai _ .
filtering light incident on said first detector for blocking laser light reflected or

scattered by the dental tissue.

10. The method according to any one of the preceding claims 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.

11.  The method according to any one of the preceding claims wherein said
step of comparing includes normalizing said photothermal amplitude signals
and said luminescence amplitude signals by ratioing photothermal ampiitude
signals at least two different frequencies, ratioing luminescence 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 claim 11 wherein said step of demodulating
said emitted photothermal radiometric signals into photothermal phase and

amplitude components and said luminescence signals into luminescence



first optical fiber. 9. The method according to any one of the preceding claims including filtering light
incident on said first detector for blocking laser light reflected or scattered by the dental tissue. 10.
The method according to any one of the preceding claims 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. 11.
The method according to any one of the precedingzlaims wherein said step of comparing includes
normalizing said photothermal amplitude signals and said luminescence amplitude signals by ratioing

photothermal anaplitudesignals akigasidwodifierasifesdenaiase il deninesepnceamplitude

signals at said at least two different frequencies, and taking a difference of photothermal phase signals
at said at leWRERIDSANEEHRA ISR BEHBRSYREPEASRER (B AREFIRRE RItRAIs at said at least

two differentf ies to cancel effects of light source intensity fluctuations and instrumental
frequency dependence. 12. The method according to claim 11 wherein said step of demodulating said
emitted photothermal radiometric signals into photothermal phase and amplitude components and said

luminescence:signalgdnieINBINeSSSIRE, 32 SRR AaRE SR pltdeisignals it doneupinga software

based lock-in amplifier, and wherein said instrumental frequency dependence is lock-in amplifier
response. 1ZEPHE ARTRFAIBEBFHASI0 any one of the preceding claims wherein said step of

comparing includes, e e 4BAGA MR AiRBSSlRGIanAIkAARTERANEIEN By Botirmkgaining

frequency-scan data from said reference sample with known radiometric and dynamic (ac)

luminescendéasiRTISS AN d HadlRMSHEsISIRRNGhaam Pl SRRy ExigdiBmeH 6@ urface and
said known H%E%@%H?Ibﬁﬁﬁé@é&ﬁ&é’gﬂ?ﬁéﬁi@é k9 $reh hatthesmatsunalifydes, ratios of

luminescence amplitudes, and phase differences between photothermal phases and luminescence

phases at different $H0BHBRSFS BAFKEN A GhBItAES RRFLHUH D PR SR VeRpBIREOF

a tooth by means of ratios of photothermal amplitudes, raties of luminescence
amplitudes, and phase differences between photothermal phases and
luminescence phases at different frequencies for canceliation of the

instrumental frequency response.

14.  The method according fo any cne of the preceding claims wherein said
defects in dental tissue being detected for inciude carious lesions on enamel,
‘dentin and root surfaces, erosion type lesions on the tooth surface, early
demineralization on the tooth surface, early remineralization of small lesions,
caries and or open margins around dental restorations ‘inc%uding CFOWNS,

inlays, onlays, fillings and composite fillings.

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

reference sample is a known healthy portion of a tooth.

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

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

b) detecting images of said emitted modulated photothermal

radiometric signals and said modulated luminescence signals using a



14. The method according to any one of the preceding claims wherein said defects in dental tissue
being detected for include carious lesions on enamel, dentin and root surfaces, erosion type lesions on
the tooth surface, early demineralization on the tooth surface, early remineralization of small lesions,
caries and or open margins around dental restorations including crowns, inlays, onlays, fillings and
composite fillings. 15. The method according to aty one of the preceding claims wherein said
reference sample is a known healthy portion of a tooth. 16. A method of imaging dental tissue for

displaying of deferis e deniablissue o 3 GrmRiickdispiaveompdsiaehesiapsol.  a)

- illuminating a portion of a surface of a dental tissue with a modulated beam of laser light of an effective

wavelength b éghhiotdrieeipa Ralk dnAgERei GEESE MRRAIAIRRE HBRSEST fSminescence signals
are responsiyghyRrufed (iqeafidBArkam e danikiyae imagabdstestingrimeges of said
u

emitted modutated photothermal radiometric signals and said modulated luminescence signals using a
33 combinethndsiaisapbatetirenasyadinoraFEusigiiftfie modulated beam of laser light for detecting

said images of emiesLmeduaifd, ualnsaagacc PEMS anfoa MmidalFHE sRmesR for detecting said

images of said emitted modulated photothermal radiometric signals; ¢) demodulating said images

of emitted niedinaetiipisgoieimal indierscioRiplIs MR PhageHLRBRIHfal phase and

amplitude C%%BB%@H?HH@SQHQHlﬂ%agsésidrnﬁagésomﬁéam&@édu_mmgégeéﬁ@esignals into images
of luminescence phase and amplitude signals; ) comparing said images of photothermal phase
and amplitué@@@ﬁ%&@%@%ﬁﬁﬂ@l@%ﬁ@ﬁﬁ%ﬂﬂ%ﬁb@&ﬂﬁ%ﬁﬂ% of a reference sample

and compating saigigaes G1J.aREREEAEe BrERSIaNLATISUS S mgls ipbages of luminescence
e sig

phase and amplitu als of a referenCe sample to obtain differences, if any, between said portion

of said dentsighiedairdasss rifehsiethsamalleRane FHLHNRENERITFRAERIR RifItR%Ects in said
ggr';ts'uf:rsggﬂy&e anELOIRBLNIROIEIAYSR fRRrspRNAME - Referias i any. shEidental tissue on a
signals to images of luminescence phase and amplitude signals of a
reference sample to obtain differences, if any, between said portion of said
dental tissue and said refe.raﬂce sample and correlating said differences with
defects in said dental tissue; and
e) displaying images representative of defects, if any, of the dental

fissue on a computer display.

17.  The method according to claim 16 wherein said step of illuminating a
portion of a surface of a denté! tissue with an effective wavelength includes
illuminating said portion of the dental tissue with at least one modulated laser
light source having a laser driver, and including a function generator
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.



17. The method according to claim 16 wherein said step of illuminating a portion of a surface of a
dental tissue with an effective wavelength includes illuminating said portion of the dental tissue with at
least one modulated laser light source having a laser driver, and including a function generator
synchronized with the laser driver, and wherein said step of detecting images includes using an _
imaging camera connected to said function generggor which is triggered by the function generator, and
wherein two dimensional amplitude and phase images are displayed on the computer display at a

modulation frequeRgy of thedaseteoHainbhe MAarkagcorling 1@ ins Whereki bereip said near

infrared camera is a InGaAs camera, and said mid infrared camera is a HgCdTe camera. 34 19. The

method accordihgamenylaiieods e eds sBa ARSI IRGRRI ] S idfaeliiaiiis performed
using a 'ockgmoamrggg frSemasuating.saif imasesehemited mesiaigdabateshermal radiometric
p

signals into images hotothermal phase and amplitude components and said images of emitted

modulated limainescsrdosRimIE Ao IneR) 68 AR SRSl SANCSAIiRISH RIS, 20. The
method accgrding {21,208 Of Faims A Lginawidingiadiysing a.snscebsaibhaamef light incident

on the dental tissue for adjusting a size of the area of dental tissue being imaged. 21. The method
according taadyaondibideaiasals 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. 35 METHOD AND APPARATUS USING INFRARED
PHOTOTHEXMALThe 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 o any one of claims 1 to 21 including recording

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



RADIOMETRY (PTR) AND MODULATED LASER LUMINESCENCE (LUM) FOR DIAGNOSTICS OF
DEFECTS IN TEETH ABSTRACT There is provided a high-spatial-resolution dynamic diagnostic
instrument which can provide simultaneous measurements of laser-induced frequency-domain infrared
photothermal radiometric and alternating-current (ac) modulated luminescence signals from defects,
demineralization, remineralization and caries in te¥sth intraorally. The emphasis is on the abilities of this
instrument to approach important problems such as the detection, diagnosis and ongoing monitoring of
carious lesions RETHOBAMNERRPE BTSS! u&%dﬁEM@ﬁé&W&TﬁE@é\% interproximal

areas between te %1 %&S gﬁ@@ faination. The
instrument |SRM(§ \g r{gi[;&gdg‘lbgéreas oﬁ e&r?;%%r)g or areas o eml%erahzed tooth
as well as defects along thGRIDIGN @STGEWDE. Uﬁﬁ&'ﬁﬁﬂiﬁtﬂ' Bﬁ'ﬁkbectlng a local spot can be
extended to a modulated imaging of sub-surface of target tooth by using a multi-array infrared camera.

Two configurations of the instrument are presented. Fig. 6
ABSTRACT

There is provided a high-spatial-resolution dynamic diagnostic instrument
which can provide simultaneous measurements of laser-induced frequency-
domain infrared photothermal radiometric and altemnating-current (ac)
modulated luminescence signals from defects, demineralization,
remineralization and caries in teeth intraorally. The emphasis is on the
abilities of this instrument to approach important problems such as the
detection, diagnosis and ongoing monitoring of carious lesions and or defects
“on the occlusal pits and fissures, smooth surfaces and interproximal areas
between teeth which normally go undetected by x-ray radiographs or visual
examination. The instrument is also able to detect eariy areas of
demineralized tooth and or areas of remineralized tooth as well as defects
along the margins of restorations. This capability of inspecting a local spot can
be extended to a modulated imaging of sub-surface of target tooth by using a

multi-array infrared camera, Two configurations of the instrument are

presented.

Fig. 6



