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0 5SEPTEMBER 2007 05, 09 2061 METHOD AND APP. RNBEL B
USING INFRARED PHOTOTHERMAL RADIOMETRY (PT ErBlEL g
MODULATED-LASER LUMINESCENCE (LUMyp @@E@@éﬁ%@@?l&&%ﬂg T
DEFECTS IN TEETH 5 FIELD OF INVENTION The present invention

relates to an apparatus based on laser- frequency-domain_ infrared. ,
pholETRHAR ANRAERARATHSIBINGINERAREDHRIDTR LHERY
FD-LUM, or si WRPR BN
demineralization and or remineralization of hard tissues, defects around
restorations and caries intragrally SBALHGRAQEIND OF THE INVENTION
Nowadays with the widespread use of fluoride, the prevalence of 15

caries, rarticakett Bedihsielaiss taApSRRS B8R FdBfPieduced,
L IR JEYGInRm A 8Ea BRBMERA raaR iR EHBAcSRMIGuR D as
can ge? ct and monitor earlgf&emlnerahzatlon on or beneath the enamel,

BEnET BrorsENBHHBER bR U HSIVEBRYrARsHRIN WILRASCRIGR HIPTRRIR
gé?é}%&%gfmgm?%mhggm -L@m\ﬁghi@ﬁéo;ﬂimphdlﬁmm tmfb?ﬁs;ue hasd
een introduced, 20 based on the modulated thermal infr -body
sepizscrizalian d YISHSHEE" *éaﬁﬁ%iaﬁfa%'a#i&%?‘%%uﬁﬁé%?%r%gﬁﬁnon
absemtionaatnearsadigtaceaiigergy conversion followed by a small

temperature rise. Thus, PTR has the ability to penetrate, and yield
information about, an opaque medium well bmnd the range of optical

imaging. SpecificallBAKSROINR R THEHIMEM BPMhe penetration
depth QURGIEAINGYE HBAEshResHE i esiue) dendhawtiiog of

materials. In PTR applications to turbid media, such as,'hard%ijentgl tis&“gm .
crapiesierRiRRR SERRIMEHTBABWRT IR A ABRREFERZYGY *
%%/@é%'@apzﬁéra@ra}%hqﬁmmciwcﬁnwmmmw&sﬁmt;;an
modes: conductjvely, from a near-surface dist - o
RGBT R S B R By S Sauh o e dantin o
m@@kbmaﬁﬁsﬁmﬁﬁBMamwﬁ@ﬁ@@Wﬁqﬁ#{k‘ﬁ@@m@ﬁg@?ﬁ@f' of
% R AR oaBsLsIamahHp AbbiE e shAlRIE hiassteifihirssl edca
fi &Psgv falmm). .

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 penetrate, and yield information about, an
opague medium well beyond the range of optical imaging. Specifically, the
frequency dependence of the penetration depth of thermal waves makes it i
possible to perform depth profiling of materials. in PTR applications {o 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) controlied by the thermal diffusivity of enamel; and radiatively,
through blackbody emissions from considerably deeper regions
commensurate with the optical penetration of the diffuséiy scattered laser-

induced optical field {several mm).
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351 AfL 1r 5JCJ S'iit GHE"-11~ Trends in improved diagnostic
capabilities, coupled with significantly higher optical damage thresholds
for tissue, point toward the use of frequency-domain techniques as the
next-generation technologies to supplement or replace pulsed I%‘ser

phototnendsaironoNsa-dasnesia SERAP iR CRHPIGHENTD P @ iHeantY

| h@%é?ﬁﬁ’éé@aﬂ%’ée%@%&ﬁmi&éﬁ@,sgﬁmwwame’dmseﬁfe use of
ser

othermophotonics for dental diagnostics, d?te tion and gngoing
Trempsngoabhigoenaras %ﬂ%&@?ﬁﬂ e 8 ﬁﬂw ?ecﬁ?esngoary to the
sﬁﬁﬁmﬁﬂ @Blé&@r%ﬂéﬁaei@m@ﬁ@lm'@ﬂqmmaﬂe detection
uorescence, cause orphyrins present in cari t t,

R L R e S

bR Thea liesbilssenritdreppignhetdeisthfprofRoimbdiearsaibhity of
e s e R S

was reported by Mandelis et al.[ A.

ddenpdigniariicdhadisronrRaeg, e S HNABREM LU ARRAATSE AP BB
Srefipnaticladmaning ising SERAIROREsRaPoRIRomeind fhrared

prbolbolims, BIOCSHTE DRSGHE R 3816 S0 Aa OB00f and

g@@ '%@ﬁe@ﬁﬁ_& ElajieteN\Eﬁ;i@i%Q@iy fndbiupde l;ﬁnauﬁdrﬁtm Abpabisty Novel
enta namic Dept ofllometri magdi

RGBS A T T PG R 20 P Ay e the

InepinasaericinthRlafoets @ps BroTted teodeytiatins alddbnupnsglis, L.
chnol b f usal-pit andfiss . 3

T SR S 1S R o B P erer

Cadgeg SiaE BqUSENROSHTHRNERILE PRGSO RN ENS R 8hd

gﬁt}gﬁg IDERARBES e arieSifas RGN R bR 2 PRd}| SPIE,
é%rgiggg[ﬁ{ 5 surfa:!(;:"eg %%deﬁﬁﬁgg;ﬁﬁa@] I’esﬁon detecti

fection, SUMNARY.OF ice-
PHOmEYERYTIRSN EMBodiehtd GARDDANENISNRARRS Phrbbine SR> 2!des
apPREHuSHVIbleg venay-slen ainead D yhatatbdyemhBdidinstejric
(FD-PTR? and modulated Ias?r Iuminesg.)ence.%FD-L )F’ﬁ

dFRBIBm AR IR A RIS SR infrare 81iot ermal

lagnostic tools, for
irepfstingrsaimbl anddafetticadenacked Alarimas Opt, &, 31-38 (200031, More

recently this technology has been used for occiusal 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.

SUMMARY OF THE INVENTION

Embodiments of the present invention provide an apparatus with frequency-domain
infrared photothermal radiometry (FD-PTR) and modulated laser
luminescence (FD-LUM), as complementary dynamic dental detection and

diagnostic tools, for inspecting sound and defective (cracked, carious,
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05 SEPTEMBER 200705 . 09, e -2007 demineralize
surface (smooth surface), top (biting or occlusal) Usggﬁg? inter,
contact region.between neighboring teeth intraorally and g
The device is capable of monitoring ongoing demineralization and or
remineralization of various areas of the tooth surface 5 whether in vivo or

iieninerdizsdnenobuaaaite sxiesadanothalnsildiRRAGIHgLer occlusal)

qe¥trE

g%ﬁdﬁ%%ff@ﬁs@%@%r maaxé@m e fbharERHpGagdeamEgackally

ion this'm would include a conventional visible{igectral range

satherarescapfareanthedRYicsd8 S8 oAb BANURHES LRI U oing
‘%ﬁﬁ%@tﬁizﬁﬂdhiféﬂafafrfeaﬁmfe@aé;ﬁ)ﬁtgteértinm amaswbmmw'wfml e
other types of memory devices including paper print [
B URTR B Gg DR BRLAT RS R OLConS ol
iaRiyistpolssarshefasast targehjootitioy usthaenvelitisrnaydplietied camera.
echnigues. for dental ,in on, O T, d
e 2 R RS Ry B il e e
camesptrtapitre andstion teaeas pitideetsappapiesaaeong
99%‘%‘1‘?8&“%1 TREUIMEHARS Bprblptestddrainescompriter frspeptienoef
dental tissues of a patient, comprising: at least one | ser rI(lr%ﬂ sokjgei;‘,}or
GRS B ORABIODY SRFRR EHE HEPRRATE RIS ROUTRIPILG
*eﬁ(?a'ﬁ& ﬁf&%vﬁ}@/évﬁéq%ﬁ?ﬁh%hieiﬁdgﬁﬁdmm@@*@hmheﬂhav can Ibe
radiometric signals and modulated lumine, Ce Si onsively
el FOMHESIPRIHIBIPBRYRE E&’ é}#a? %%?’Tsragc?g?% i?frgsqg e@éﬁéﬁ%ﬂeans for
despeittigrsaidobraist @l od GEEdH lnenés cencaditisarsnaadadseisidion
detection mean tecli | itted modulated photothermal
r %Fgréselfﬁg %?g%ﬁaég{ 3%?5 ﬁﬁ%esh% degrﬁggé head, and a flexible optical fiber
bundle hewitgaspeiial Sl ipyaniendhere JaiRTR%INehER FRBRHEY" said

apticakfiberuadisriasiding disiaaticatiihesdends dor prpéstareatidental

optical communication with said light source and a distal end terminated
sl R8T GBEHER B or transmitting light from said light source

to a patignéssienaldisstigby Kurelfoidiradiaindingsaivmand Bettkpeobica

TR el e e i s

praxituiaten g aipteaityal saglethetrissinals and modulated luminescence
signals are responsively emitted from said pottion of the dental surface;

a first defecﬁon means for detecting said emitted modulated
luminescence signals, and a second detection means for detecting sald
emitted modulated photothermal radiometric signals;

a hand held probe head, and al fiexible optical fiber bundle having a
distal end connected fo said hand held probe head, said optical fiber bundie
inciuding a first optical fiber having a proximai 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 held probe head, said opticai fiber bundiev
including a plurality of multi-mode optit:al fibers having distal ends terminated
at said hand held probe head and proximal ends optically coupied to said

M% &0 BBesn 9. 2007 B
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. IweinesenEh RIENaHAosERIS T T EERRlaR
- ondisaldiherpares eaticaliiconptatodfcdefiteds atingpiesliyscupled, and a

3 detection means, a first pre-selected number of said multi-mode optical
fibers being near-infrared-transmitting optical fibers for transmitting said
modulated luminescence signals to said first detection means to which
said first pre- selected number of said multi-mode optical fibers are
depetily meapled BstRISSRIBSHRS SidRate Abaik MEEFSS PRIGR-ARsR
&%g@!é&%&a&%&mﬁmﬁ@%ﬁmmmﬁﬁm Saldransmitting
said modulated photothermal radiometric signals to Bgﬁ sec _,_nr% tdertectlon
E‘f'%% BRIFRUN oG

demodulating said emitted modulated . .photothermal.radi ic. signals
R e e e o
ifrairestenseiignaisiotd finaindscarenptibgesaidiraaiilaige signals;

nd processing.means f r ' t Phases38vkRch
@Fﬁ%ﬁﬁ e gﬁlgrr%ig%e%wo%?ﬁ%g ﬁg%%%%r%gﬁ%si nalsacf)?c a
saféremmcsamaei%@mcwﬁmaﬁhgfmmﬁmﬁ@épﬁééﬂsﬁ% Eia kel

BWS@EEB&IS to luminescence phase and amplitude signals of a
reference sample to obtain _differences, if any, between said Eés)r%%w of

said delrmasieing faeang frerrmRAUEIRE 3N PORIANRG S
gkﬁ@ﬁag%ﬁ%@/mw@m fég?%qﬁ?@ih%&mm !E@iimmadmammm
method for detection o ects.in dental tissue in ing erqsi ions,
Rttt g et o
SR Eal sesitudeisigeals sissue, comprising the steps of: 25 a)
illuminati i ; ' i

wavele R o e P e e o o

distalitade spvalieiimBiptoarmBEPuARIRNG SMRHHER HEBRIR Rifgererence
GG A f i_Eﬁ%BQHB@:_é@@ﬁ@ﬁﬁﬂ&@ﬁ&xﬁﬁébé%@mmﬁde signals to

comr%unlcatlon with a’'light source which emits at said at least one .. .
%Eoe c.hbtam

WVEnERgaRCaRasE: SRl @RI RS SRR LA SIPRRIPIRAN RO Be HEad
f@ﬁ@@ﬁﬁé&tig%ﬂghit}&oé@eﬁg%l%bbrﬁgw@esr%i@ m;tamr_smmaisamel by a
clinician handling said hand held probe, head, sai | er hur
RETEERTG S SRR mﬁjﬁg&%gb% difsistices (/aptcalier g Sental
fissue.

Disclosed herein is a method for detection of defects
in dental tissue including erosive lesions, pit and fissure lesions, interproximal
lesiong, smocth surface iesions and root carious lesions in denfca! fissue,
comprising the steps of: o

&) iiéuzﬁinaﬁng a portion of a surface of a dental tissue with at least one
wavelength of light using a hand heid probe head which is attached fo a distal
end of a flexible optical fiber bundle, said optical fiber bundte inciuding 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 toé patient's dental tissue by aclinician handiing said hand held probe
head, said optical fiber bundie including a plurality of multi-mode opiical fibers
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4 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 transmittin%g]odulated

havintn disiehends raTinaieral SRR eng paltbRIbS BEAG ARSI
HBLeSHRmMeRNHIeRhAaRreaR siensaiesies] Bynkereksettetuitimipre!

optical fibers being mid-infrared-transmitting opfical fibers for trangmitti
AT AR R PR AGR R G GAC REa N Ol oL TRt o
wapainltissyRoubsIeNumpRtentaationaié saidtisol fommosaic peieat of a

dental tissue with at least one wavelength of Ji d £
d&ﬁ‘zﬁ&ﬁé HA ?r%?ﬁgé‘?gﬁ? Yghs s?’ ghgrﬁgoadé? a%g Eq [?rf% n%%%%:%%?%%ﬂ are
ssspantiratydernittecifivers el rashiofre s Srrnasaigngeriisaldioers for

surface: b) d i i ' NESCeRae-sigRAlsaaith a
RiCgl enﬁi%gr&r?gé%s% gﬁéﬁ i%ﬁﬁ%&%g Eﬁ%%éﬁ?nﬁ%%lated hqtothermal
ratkofietaniahessevinnarsl SRATHBRNG IR RhSAIERT RIS
Saldemitied maduiated iphetathewmebiadinmerigaionalsiota
photothermal phase and amplitude com nerétz and demodulati s[%jg

PhetRIAERaL FAMeIIAES SMaIE it SR AHTENSRSEECS AP amplitude
slgpaimiang srresaianingsdidgtiototferahlsphizse ahthardplitatedsigaals
to 20 photothermal phase.and, ampli ' f
A e
tistiosoensenphaseiatebtnysaitersijadisorkirias aghmal to
obiAiR dife SRESR. A DM SRS ROiome! said dental issue and

said referencé sample and correlating said differences with defects in

said dentdpatidaiBorsaiemiies RriHEtas s ! SRoRmREY

ALl RnpsySieBh i magnetirMal disagenising anddulated
photothermal radiometry and luminescence for inspection of dentaIGe hase
AR e S H BRSSP T ERGRT o 8 R IR B R

aser t source

fgﬁé{@ﬁf}ﬁ{{ﬂg@g@sg@ﬂ &i@ surface of a dental tissue with a beam of light
ofane

radiomé& %é%§%%%§§§?§§%%rﬁprﬂgggIg%dém BEHhas to

inescence sighals are responsively

%ﬁm&msm%mmmuﬁmdemangﬁrm’@;rafarence sampie and

comparing said fuminescence phase and amplitude signals to iuminescence
phase and ampiiiude signa!s of a reference sample fo obtain differences, if
any, between said portion of said dentsi tissue and said reference sampie and

correlating said differences with defects in said dental tissue.

According to another aspect, there is provided a modulated imaging system for imaging
dental tissue using modulated phototherma!l radiometry and luminescence for inspection of dental
tissues of a patient, comprising:

st least one modutated laser light source for irradiating a poriion of 2

surface of a dental tissue with a bearn 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;

om
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5 imaging detection means positioned with respect to said dental tissue
for detecting images of said emitted modulated photothermal radiometric
signals and said modulated luminescence signals, said imaging detection
means including a combined near infrared camera, synchronized with said
at 5 |euEaing detettiancneane DRGHERAITD TABRES R FHAGED B BRTted
PO 'H%Bg@&_%%%?d%ﬂ{?@éﬂ%ﬁsﬁ:fa@d%@ﬁﬁm&rmﬁﬁ@tﬁ@tmg
Images of said €émitted modulated photothermal radiometric signals;
TRl R BRI ARG S ISR ARG Tt
RBstRimahmdiemetiesiasalsrineriiagesabpeotethenizal Mtiplsatt at
and amplitude components and saidf'mh?%%s %f emittedegjgggla&éjd
ARl B AR SRR I S0EECEr TOh RSN LTS ARG amplitude
Righalscandainsessing sheans dor camphimfoesaitdanggssiof detecting
photothermal . phase and amplitude si [ ~ rmal
RS S s B B e

said intEgeschfidtingmoseanber giemechiatinm sriddearpi &R es of
ﬁ%@ﬁ%@%@%ﬁém%m&&%@%@% arafreRcasaBtRlaTIRl

Ifferences, If any, between said portion of said dental tiss%gta d

BhRBERCASGARPEERECAPEBHE AiRESdTMRASR REEEIRA DaaY

- Raid-ranahissueAnthDrnaaes disalaiasdisplapingssaiddmagdisde

Disclosed herein is a method for imaging dental tissue for detection of
8igre’ls ANfe dental tissue of a patient, comprising the steps of: a)

luminafingessiaginmafeisteapatayititissss oitrantoankabanas:
b f light of an effective, . in. ,
SPGB AW SR o o e e L i fute, songl

minescence signais are

. iIespoafvelye sttt ar sainssnDsatineansas JUPMRSIs e RbARg

: i o ; cosiamaisand
sa?f%%%ﬁé@égd% m%%@%%ﬁ%?&%%% ?(frgn@tﬁ]r?gj near infrared

sienals of aorrienense RamRIseRRIaREHTBERRSY [h8BYIRPYBRUSREing

saiskigrreesHi amtitindsuaduirieniurirsesrnceasignaimandmelating said

mid-infrared camera for detegéig% saiEd ,images of said emitted
differences with defects n sat mial tissug; and .

image display for displaying said images.

Disclosed herein is a method for imaging dental tissue
for detection of defects in the dental fissue of a patient, comprising Thg steps
of: | | |

a) Hiuminating a portion of & surf_ace of a dental fissue with 2 modulated
beam of laser fight of an effective wavelength wherein modutated
photothermal radiometric signals and modutated luminescence signais are
responsively emitted from said portion of the dental surface;

b) detectihg images of said emitted modulated photothermal
radiometric signals and said modulated luminescence signals using a
combined near infrared camera synchronized with the modulated beam of
laser light for detecting said images of emitted moduiated luminescence

'signals and a mid-infrared camera for detecting said images of said emitted
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6 modulated photothermal radiometric signals; c) demodulating said
images: of emitted modulated photothermal radiometric signals into
images of photothermal phase and amplitude components and
demodulating said images of modulated luminescence 5 signals into
mindatEisdbhotuiestw dainesdrisRignifitude signals; d) comparing said
'mag%i&’érﬁﬁaiﬂé%ﬁ&%'i@hﬁé?@@f s Righasitprioeesmé!

photothermal phase and amplifude signals o{ ahreferenge S mﬂjg and
ragiaTpaHisEEHia Mg O Be R nRRCENE IR SRA Amipitude signals to
CHRAsLAL URiNeseRmeIRg e thassibide iyiatistiimieserence

sample to obtain differences, if any,betw j j id dental
5!@3@% e ‘%&?@@r@f%@%ﬁ?ﬁsﬁe HFES r%g‘%ﬁ%% sa&léjt %Oi%g}r{g?l%es with

defects)ibceaie e tafitissiagesnt emmwm@hm%%gemﬁe of
S?é{%%sfg'&%%%?ﬁcgoéh%%g%%ﬂﬁﬂﬁﬁﬂﬁégéaaﬁe@%Wu@l@@l@%am&ﬁ‘é@@%ce |

omprising: irradiating the tooth surface with a

sexnipéetiandsoumea(ins e ERAEAN T SHTISRIFRARRRIRSH A7 h%mpq%mde
458 _'{531\4@8?& yisilerideaniniarad speeiansrnge; Sgnas B& Ba
p

oviding rotdtional degrees of freedom to th%excitgtion.gour z%yf)oéfs id
TateoRacaERIElBIBBIR SIiFRIRRSER VRABYSNRE BRSdneNg perioglc_
Henueney RUseSaldherlrearbeamindbedanyetaitigding @lierasnces with

confined to) dc to 1%, kHz; 5 delivering the radiation and collecting the
BRI 5P EERR OIS & ibers or off-axis mirror configuration,

generagngispkatelinemigaatparadotative to e aReisby BbYaitigeraeial
requency-scan d g reference sample with well-known radiometric
gﬁék{%gy %oagﬁé? Hugg?a@.

dminéscence properties and frequency response. 10
companngbymesansiob ampifuderatos:and phase differences

irradiating the tooth surface with an excitation source {iaser) of suitable

emission wavelength in the near-ultraviolet — visible — near infrared spectral
range;

6a
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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. performing

depth-profRdfisira e iiicn al degrersisbirapdastisidhe exalaiensseursador

defespisstity deakaireaumiaysaraR ke sardisHigRgRiering the data on the
area examined to allow comparison of changes in the future, providing a

print out BFAEHED PSP die ieearnempyiarsacd thminser heam imtharnge

clirierlanpeiaaminctioamssieopesenapoidahology, 20 providing the
ability to treat the tooth by using lasers to: remove the decayed or carious

tooth mafSHYrNGIBG BRHYN aRR RelsCHiRgdhe amistienrhyarrags of optical

préipare trefbaisuningkaeniypraaipies of tooth preparation design using
conventional burs, ultrasonic energy, lasers or other devices for 25 tooth

preparatiGP AP Sebashiling Pidiialifiansins foslinhe silfdion sbkening the

therdlgashdo-fan aatkifarHanrafsieghsitaiieiaspiti yearR Asivediometric
ulse-waveform engineering, for precise, optimized

Is th h >
T P BRUE A B BHBR e P B Al S SRR S i

the data a@mpaﬁﬁ@ww@ﬁﬁ ﬁ@ﬁﬁ@&@ Wae@i %Qﬁ@}iﬂ%@@ﬁ%@&en,
roviding the_ abjlity to treat the tooth by using lasers to: alter the surface
oI Bk STRS0 BTG AIHEe B CHRRMHAGRE AMSWARE various

urfrekiohviat qusy mediztarenhanes MR- JseBRl camesidibn of the

that will eitrrlfqun?eal the surface or promote remineralization of the surface

cUPSBHEG N ERGHENGY RSROSBPsurface restoring the tooth to form and

function, pisrfagrattitpbleplsprdilenesriteivapspriptals-ARUOBRI erosion

- f ineering, for precise, optimized control of optical
atlaHBR e Hen ) AR PRl R RS SR AsaIsiion.

interventgioahgltaeatans on the coaditnmaeitke) oy BRMEEbn of changes
c%nmréefgtlzgz and LUM
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 fo:
remove the decayed or carious tooth material,
remove tooth structure for the placement of materials,
prepare the tooth using known principles of tooth preparation
design using conventional burs, ulirasonic 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 protacols
through puise-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 aliow the uptake of various
media to enhance remineralization,
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monitor the tooth surface for ongoing changes prior to any 10
intervention. Monitor the tooth surface to demonstrate demineralization in
vitro and remineraIiFation after aﬁbglica on of various therapies and

solutions. A furftRRYIAJTBRIMRIMF bMAE HtRral sskiass e ssamote

aspeaincvhibaiiovestitnr: eanflesrealized by reference to the following
detailed description 15 and drawings. BRIEF DESCRIPTION OF THE
DRAWINGS THEB 5k 558 O RTBLL B8R e AP ESIARAE 9ot to

présenahaviemidtiomilisiny hgidescribes-huayre Qf@wmima%ms through
reference beipg had 20 to the gccompanying drawings in which: FIG. 1
SRR YR I CAREATS: L0F IS5 GRS ECRTHElahGBSa  raciation
fredplanecy sloinhisrintbeewpiioiethamtialradiometry and frequency

domain luminescence instrument for teeth defect detection with added
rotational degrerég)g'ft?ﬁ'e%%‘égrfp%mﬁ%t@xr@?ﬁﬁ?@ W@e‘@tﬁ}ﬁlgﬂgﬁmﬁ the
todb thurianessak i iovsisingte P aBcardingd tivithe present invention; FIG.

2a shows top (bitinﬁ.or r?fgdkjlf?%% suréace ?nd cross sectional pictures at

each measuren SR PBIHT FL IS SHE Ay 'Bh PrAWIN GITFRTB RSIBR™
thinptyamitbfissures of a human tooth sample; FIG. 2b illustrates typical

PTR and LUM rgspanses in the frequency- 30 domain for healthy and ..
carious spots oﬁgp ‘iﬁ?ﬁeﬁet LS %‘Fﬁ}yﬁlgﬁe@gn&a&ﬁ[}e ! ,rgat!ﬁﬂwn in
seviticoml ctonilasealieaditatiafic FEp Bedlioatsitearospatialiysieanmed dvitions.
across the interproximal confact points of two teeth; 8 FIG. 3b shows

graphs n(ﬁH’ﬁ] §6 y E%PELEWI $§ﬁ%ﬁ‘§%§t@‘§jﬁfﬁ @égﬁng%gg%xﬁ@spects of
inthpioximidmeshdrecaldiakas oy ecfigashfrequeneyioiwinglieertithdencription
source is a.670 nm, 450mW semiconductor laser; FIG. 4 shows graphs

illfis |F158N51P§'and LUM responses of spatial 5 scan across the
interproximal artificial carious lesion which is created by a
I osphate,

demeralzaton el PGNP BT

calcium Thiodge4€aaa2hraibipptaidusciita (7 teatid aatarsivgidyHEoxideant
(lﬁ(r?\lf_'e)nfi%n will now be described by way of example only, reference being had

to the accompanying drawings in which:

FI1G. 1 shows a schematic diagram of a first embodiment of a
simultaneous frequency domain infrared photothermal radiometry and
frequency domain luminescence instrument for testh defect detection with
added rotational degrees of freedom for the excitation source for inspecting
tooth surfaces at various angies according to the present invention;

FIG. 2a shows top (biting or occiusal) 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 sampile;

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

FIG. 3a illustrates a spatially scanned line across the interproximal
contact peints of two teeth;
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balancing the pH at 4.5) at a fixed frequency, 30Hz. The excitation source
is a 10 670 nm, 450mW semiconductor laser; FIG. 5 shows PTRILUM
signals vs. treatment time for multiple samples with treatment time

intervals fFe@ SeHEwWS gta sy #@tPatid B PRAAHIAMHE BB & spatial

illustrates a schematic diagram of hand held apparatus 15 for

SimARASSASHOGUBIRIP ESTRRa, mrcheaiphoisissAla Ixgetegyenry. SHz.
fregngnsy-HompaRUMIBSCEsTe HalrystrRrvfosdaiesianaberissts in

teeth which allows for improved comEo, actness and access to occlusal or

interproximal; 6%&%{1" SEFABU M REHIRS R &N kb sGReeases of spatial

gestaeinesosastiveihasfesankataniivliy eahrnrer sibierieMissiRRited by a
nd IR radiation

collection efficiency 20 using fiber optic light delivery a
oI LA o R TR IR B idre CONbBRASSHRGRREREH e
Oifmisgba@bgkﬂqlﬂ?am[r@ﬁm(éét@-a%iﬁ%ﬂ@@@cé},%Q&ﬁgﬂﬁﬁd?@é@mium
of t i sion -in i ing system by means of modulate
BT o8 B B T T iAo PR R RRPISR AN for
Thsatamesng iineephipatia based ardavi-dyeaae \nIBUPthermaksatiomeiieurce is a
d(;gzcgtion ag%an@ulated Iur’ain%sc nce microscopy, which detects the
emsSiON of MR SFBISHBH1FS B ated region of the sample without
thermallyraeringhib vis tPMRAratursigsallainrudizgrie: madwatedrhemitng Séhnples
causes, a variation in the thermal emissions, which js monifored using an
A e WA ET Ko R AR YR P AP LA G 500
to Hedbh the surface diffusively (or conductively) from a depth A,"(f) = 27r
ahrf ap imately egual to a thermal wavelength, where a is the
haterinl TN AR A S OPu O b BPRE thaaaRIES
frefiqueirayitbmaddiifredibtackdoocyitRidrnidd athatinndsreanitteiciestrathnd
depths down to the inverse of the optical attenuatipn coefficient at the,
AR O VB RS o TSH B R FVCFIGR 81 frdects in teeth
radibigdnaboves kopiopaoated cauh phthesiyrtace cofdbespbaiechxsiliesttooth
and.into a suitrf\ le infr?re(kdetei'z)r carr%lirn in%r:mation from those .
dePIRP R MR RHCCEl Y AR PR STag %Wﬂ‘&é%?ﬁﬁ? Seppiries.,
Figarerdll SefoicondstiatitdiyasrikanddaairalenpintsSomuitiestMisefigehcy
using fiber optic light delivery and IR radiation collection instead of the tigid
limited-solid-angle collection configuration of off-axis paraboloidal 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 1u(f)=2xJa in s

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

diffusivity jom®/s] and fis the laser beam moduiation frequency. in addition,
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ML1 20G21, maximum power 50 mW;) or with 830-nm (e.g. Sanyo
DL-7032- 001, maximum power 100 mW) is used as the source of both
PTR and LUM 10 signals. A diode laser driver 14 (e.g. Coherent 6060) is

uspe i tejaeah fdk ARdisib i aeLasinatie Ui a BRI aB WA R ikRrse of

of the lock-in amplifier 18 (e.g. Stanford Research SR830), modulating
thdhasehtiaairafienuationieanlicieRbahtke veuraloodt rebireer exaiietiontthe

SaNE-Eab JaIBEBQIHAR bR R B Eh HOBALR AP s Rt 3 Col e irface

and focused by two off-axis 15 paraboloidal mirrors 26 (€.g. Melles Griot

02piche photRneHiRH deatbBrshipioan shitarde indtaces drfacion earrying

Mereswn&rimiam krligidedidgCdTe or MCT) detector (e.g. EG&G
Judson J15D12-M204-S050U). Before being sent to the lock-in amplifier,

the PTR Sigehia gt ay 8iihasinaiaies issaou SrReRibate8)n
ForigsiMeanainass ssn et qfith W3 ¢aid &t B sianadsg amitsubishi

germanium window 36 is placed between the paraboloidal mirrors 26 so

thaf ARGt B8Y#h 16 S WA R NVBERIHE (Recial¥hBL-7032-
absonbesa il niEied 1adiatian withlangseriaieratiss pranidhe and LUM

transmitted. The reflected luminescence is focused onto a photodetector
365Nl s g iRd S @k iy Iobm 0-1CP BRIFBIL AR porss fefasshegpser 12
A gHHO8 tegled Basaditeiitth RiSctidnel S dARof et WRYRIeRGafpAfier 18

nm) is placed in front of the photodetector 38 for luminescence to block

la$€ighterdned Bg P mired By Mretdstingrthsotassrssersnt harmonically.
intery pdabeaniat frResebNBiaphtir SdNplemmestrRNsRdalated

were possible under 830-nm excitation, 30 since photoluminescence ]
erfiE@Birredraonphdiambiairoiiyiterississsanhipais g hystyp off-axis

lupdngBeRNEaidhRRr8 36 B 3. andlic0BmMER) IR0 o ORI LREMRRLES onto
Detecting Dental Caries," U.S. Pat. 5,306,144 (1994)]. We tested 695-nm

arf 798 3TRArHEleckr 3lise T 38 MarRuidr g thdsHerige dbiasits o8

opiDT) s eiingLl. FERER) SRS (T 1MN208- 00800 PNEE QS being sent
SEPTEMBER ?007 0.5. 0 9 2007 the luminescence with negligible

ledk iR ‘g REPIGBTiMeHL S HigRHR ARG e ArareRiNpLfiHale
werbBmgdisbrergoreothe dlim dlaultandibies AbissuperhthitiasPreand

the luminescence for only the 659-nm laser. For monitoring the _
mbMiiLgignals, a germanium window 36 is placed between the paraboloidal

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 pm (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 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 iaser source (658 nm) and cutting on
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5 luminescence, another lock-in amplifier 42 (e.qg. EG&GW'. | i3 @gg i &
used. Both lock-in amplifiers 18 and 42 are connggggﬁ@mgg%%%gr% le gﬁ)i ﬁz‘i}f
by, the ‘computer 50 via RS-232 or other equivalent ports. A pair of teéth™ ~°
22 are mounted on LEGO bricks 52. This set up allowed the teeth 22 to
be separated and remounted onto the exact position after creatin

aetifizishascesiensitT negtipisdeskrorrsignal (O BIRiILMGJese: T the

de I [ I nd amplitude components and
@gﬁﬁ“‘?n%é" d%%ﬂégﬁ%ﬂ@&%\% WabpeaReH

luminéscence signals into Iuminaicenceguq%s(%gnd

amplithhereigral $hey 4 Sorr-AEAHiREr 4N PR RN Empare the

iﬂlﬂ‘ﬂ%l_ 'é‘éd H&é‘f@ﬁ%ﬁ?&ﬁéf@é@mﬁ%ﬁé& ?'Gﬂaisrhﬁmh'@(ﬂdm ' duhﬁaée and
amplitude signals of a reference _sam n r e
AR50 S I Al ST G o e RO D16 TR
sigmalscriia aafertore MhmpleiD abteimrétiad oandraralladBéiife
ortion of the d ' the, k ‘ t}

o S B e R e e

chisciotsetion UERObecke § P atdhs ket wpstiowad 186 egyaAd2A% 2003 to
g@ag%qs{ et 2l IS ARRA IS IR igwa Aduavidasencaptimestisicied!
e

5ign which ™ allows for approximal tooth scans with three rotational
{asiglesof the tooth and the mirror, angle of the laser.and the tooth, and

aﬁgle Omaed%@lijﬂs]@dmtgnaaw tooycleg predrafmdenioduirigtiote
shows a mandibular second premolar. ill I ' lagRostic
P s e e O SR
neadlingcé e signas Itahine segacdnha sase APl EosRE By a
pleatng ht.? sipipRRuQUEBessaNAIRE BharoRkeiipRissuand 30
s'no indication on the radiographs of any caries bejng present.
Nevpltheéesigr RIS ROt S B HAN AR RS RIORER HprRgrence
ﬁ%ﬁﬁﬁﬁ%%ﬁm paMRIheeniie Siesluanyustasighdiizte 1

ted that measurement spots F2 and E3 have cari iq#o .
g@C §3 ?g fﬁl_atam

dertinesaenge phisg-anp FEPIGE SOERIS §if NERFESA ST,

" kbR ddistglasicaaheetyaiopoeiuitsithevdemitidissie isnththecteference

ng%g?é gr‘w%sgorreiating 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.

The apparatus in Figure 1 provides an optomechanical design which
aflows for approximal tooth scans with three rotational (angle of the tooth and
the mirror; angle of the laser and the tooth, and angle of the incident laser to '

“the tooth) degrees of freedom. _

Figure 2 shows a mandibular second premolar illustrating the typicall
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 waich 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 (1t Hz~1

kHz), indicated that measurement spots F2 and F3 have caries into dentin.
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two points, as well as for point Fl. The signals from fissure F1 show the
influence that fissure geometry, angle of the mouth of the fissure or the
direction of the fissure base may have 5 in the generation of PTR and

Lutrtssm@ilfalmmauamwguﬂte ehbwda Bigiiigidhdsinbewd theshelthior these

ba and the PTR has also,sh ws clear departure from the healthy

i %Sﬁ ¢ Pé’d@'e This case illustrates the depth
profllomemdmlj:ttﬁs ﬂbR}Tﬂ%skﬂﬁé‘Etcéﬁev@fﬁaﬁtﬁfMﬂde mat;]/ﬁstsméi@ib%metry,
fi as iU the Incli ser pea ch a way
i SLIR YR e R T ALETR)RD QU HRed B P Ay have
thrgkmdwgeitbsesubszxfrfamemﬁmmnmgesmhe%Tma@ma@d@féhet in

bR 1S AURlR T T Inehand St HiTRheoe cbahays clear

maﬁbemm’ee‘sotlwetﬂt@ﬂéahﬁ'm@medi saltHaysyite theddyaangds sTtacease

S rbation to hes nal. ies, however, the
e TG ETEE AR e IR 285 BT ganted.
ancl,xraz&ca masumstheslaﬁe;d:nhm dmengwekieby/\mberhmwid%ﬂd)abﬁvm such a

F ndjoms the hase ofth(e rou %PO'[S 2 and F3 h
pnnc% ?rga[i%H% o1 dBgSHIRE ol tha hESth b &%8%‘388%%?& fmuc
20t eisterdte ditbhioksasaof ﬁnaraetkiagesurface Iayer PTR and LUM
curves of the healt ssure F4 g]t.%:i wrthln ealthy. band
conflrmrng e RIS obglcaﬁ)ﬁ‘) ser?/{a ions. M or%'ert sedd PR a%giiljf\‘}lls
asvdﬁriestdataaidwamhdmgtmetfned;a@mmeseasaewbecteﬂa&emmm long thermal
(c [ e e other 25 ent nal robe sitiviti

%s%%gﬁrcrtr ﬁ]w\pg%eacﬁ]aﬁ}ézﬁ %&’ a)[tfwo Giftey r\Feren res l’§ devt' fhe
ascdefinsdsinfiabla $eoaslbthertinigatictido rtmrmgsaWhAe tlivgh R lmmbres
L M Is,we from 80. occlusal measure ent s

D S e RS e SRR af 8ot
metlrrwse 8ydherefons, 2 eeh dalthddtioR prﬂamemmgeeﬂnemmﬁmgealthy

e ent 0| To cr ate s abI criteria. for assessing th iou
SRR S R R A R R AR A e
signalsraripleh dedoayeding eqdatiariardistedn mh'ﬁaéb@&hyefamsedn Daoseed to
characteristies eren%étsagt%ﬁs%gﬁé%hseu%"a% rimental gsglts af ¢
frequency scans with cari

the healthy fissure F4 are !ocated within the healthy band confirming the

A curves of

histological observations.

in order to assess PTR and LUM as caries detection and diagnostic
technigues and compare them (combined and separately) to other
conventional probes, sensitivities and specificities were calculated at two
different thresholds (D;) and (Ds) as defined in Table 1 for all the diagnostic
methods. While the PTR and LUM signals were taken from all 280 occlusal
measurement points, only 1 or 2 points on each tooth were assessed by the
other examination methods.

Therefore, each calculation only used the corresponding measurement
points. To create suitable criteria for assessing the carious state via PTR and
LUM, the general characteristics of the respective signals and their converting
equations, listed in Table 2 were used. Those characteristics were

established from the experimental resulis of the frequency scans with carious
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12 and healthy tooth samples. In the case of the PTR amplitude, the
shape of the frequency scan curve for the healthy spot on a log-log plot is
almost linear from low frequency (1 Hz) to high frequency (1000 Hz),

WhiglﬁdlHBQﬁnﬁm’o‘%ﬁﬁ’@a&%%UQF@{R@@M%F%@W’R%H%%&L _‘i‘ﬁé‘%ape of
caries) exhibit larger 5 amplitude than healthy spots aver the entire

freiRHERYERGY ShaNSUrEHonARedealtliysieobAn & Inpdes aledgahmost linear

freuanpwararR ey HepasitgHaRigicHey PITRPRasehAR Pty spots
healthy mineralized spot on a linear (phase) - log (frequency) plot is
a|rz%%mm%a%i'éepoégf%%&u@mégmﬁzor P%Wé}’f%w%@ﬁda&%m

exhibib laugerthbiasrRBARIPYHHRANRACIRE antllafasslenes rereasiasdhe

healthlx phase range at intermediate frequencies. There is no difference

in FIOTYHACEH SHOAL LR APE R AR R SANAIM AR raasRh SraibEd

spgafitievibans: of the amplitude curves is consistent throughout,

decreasing fr ow to high frequencies. 15 The L UM amplitude curves

o o B e e R oY BSOSk BRt ah & imear

Lremmmh naﬁng[ij@édéM plAse shave ﬁﬁiﬁ@ﬁr ﬁﬁﬁ@é@@ﬁ&@@@&ﬁ@li@s d“ Hz ~ 1
e ints and carious points. In general, carious or demineralize

e S AT PR g B PR B S TR Gy targe

thrslugbeytibssinganuragddnegusmeys angge %eﬁtbgm@@@tm&n@ﬁb%&@ltme re

slight deyjations, but onl he high frequency.end (> 100 : .

A BT RS RS b armihs et s o el ieeng garious

amfglitviderahgephgsstdromhalktispbastithy smasitues dneiuianmBRitist

the tgoth les allowed ys t ine the behavior of healthy tooth
st R R G e RGBS HSE BB B B efects of varying

25 enamdlitsickassmplifielissure g¥oedemmicratieralpetsadaiandare
oA PRkt Tl Sor ErEEh of 1 AN aUIF o1 8BS Siah
pralfest@eies tetweedlthyAhpeibinty taee cugiaud siothtberedentrascarious or
DTGB LT A FELAUEh A UBhE o7t e sl Fer 2B e
adgatidinyoneahtieangine tehiuanersoas freeiusignalaiyeR BeaitMpots may
A e i BRSSP st B Gh Fedtenelyend (> 100 Ha).

Establishing the mean values for PTR amplitude and phase, and LUM
amplitude and phase from all the healthy smooth enamel surface points on
the tooth samples allowed us to examine the behavior of healthy tooth
structure without the influence of fissure geometry or the effects of varying
enamel thickness in the fissure. A series of mean values and standard
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
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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 13 number group was normalized so that the assigned

nuRkekCINgPash @ErLRo hagiiaamits tatweeosighitastsestheaindehdtrgroup

thehworst case of caries. Then these normalized numbers were added
an

LAV RS BRIMRSME fRoBtacira erdul fuHes yoeshspregaf caries. Then

maasdeemeniali wampeesrderkvuabdbdneludrd ad availakie the probed
information of the frequency response. The thresholds of D2 and D3 were

defHAhed BRI &S REESATGEPHIE R IBgIEhIEBLERAHsHshich
asig@aawaasm&i@@dﬁmwg&ﬂ@qﬁtﬂ%%&ﬁj‘ %&%Lygfl\tfé){;]’iiﬁ?i gveNtitesholds
T 3. Using t ined criteria of PTR an , the highest . ,
ekhaand M Mg RN By e S G LY Wik e histological
calshiaiec i tioeaD2itaghneihasiime all the examination methods. In the
cases of PTR-only,or LUM-only criteria, sensitivities are between 0.52 and
0,66, whilb S TR S8 Ui SEIRER AHAME St/ o o SPo b Sa e
mayumebisied lariteratioe Pkl i@@@,math@mhégﬂsf@ss:imiﬁs?ﬁ specificities,
sensitivities (0,51 at D2 and 0.36 at D nd 15 payticularly hi

DR O 0 B BETT YA CMete Rt DA Wrrrield pmgno all the
seag#ivilieti¢. 29 R Anctif3taat B 3) andRhigiyspeciiittieal( iR ma D2

0.85 at

O O B RS sy
at li)grmrd HeBbctnIB7 £ rama Datde H@hmﬂd@%hﬂt%ﬂib%@@ﬁﬁn%@@,h&suat
L e A B a0 R
copaptistadjveigasmieifiditeisrdlasitbethtiiersiathngs, RagraiedyHeralso
T R D Qe e e R BE Toe
mé¢ai0enbats. 8set Dispclinsidentinuaiubedighiuoninbedonte snearsriand
R e R A A g
ilustnates E%ﬂﬁﬁlemds{mfﬁ)fammjp Iféodmailf apwi_al iseabqidfb@em@@jeaiwever,
T I ST R T
the visual and radiographic statistics, compared to the much more
comprehensive sample sizes used for the other methods, especially 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
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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

thed RGP Hyigkss snweRigraneRsah aghiforatheleldedigpiacss

the interproximal 14 contact spot as shown with arrows in Figure 3a.
THESH88M RS ReiRoSRhInkal MG rasIserapeRrhinle g disgiprent with an
MaghiRing Aricaimant with an artificial caries agent. In order to see if
small artificial holes could be detected béigTR and/or 5 LUM, a'/< mm

round catPiBEIBhineREUESH R RIS RO RAGHTRAPD RAAESIPhity BdFirpnd/or
on ihfrsides eihwathteeth pidbe ceniast ieeation Aikshon WitriBrsrdkimately

thg left side hole was deeper than that on the right side, so it could be )
vish BB Rk Riges ot RO daaUMALIgIfre ARARGRIGN FiyuRbiayn in

PERyarertbldes rife sieanyIBighey adepdhensaauantisi dillingafdielesdat could
the 10 left and to the right of the contact point at 1.2-2.3mm. PTR phases
sHVES R Uh Ry &sTaY drRAft ndMaRd LPMESigBaImats ShPvRdPirigure 3b.

Phase sATPRLYIESArENAEEP RIFRARRIRARLAIdEOIRPWANITEOS! Hifes, to the

drilled holes, 0-1.5mm and 2.5-4mm. |t is hypothesized that micro-cracks

migH A &ube Tt afditiaenirarnmigiatd caud et tBid SighRreRsRgho wed
15iheHanBearaplitsinalsn shawedisingiar Bahavioo TRand M anmiiedesome

and phase did not show clear djfferences around the holes because the

LANR S5a09e819!80BPRERTBHEHSRRIABR AMAY I daligerodesy
sub-gustaes aindopsateirl UG aditiesiand phaseiskowedidiafiyht have been

decreases at all scans, possibly because LUM is very sensitive to
hHREIGEALRJRIBNA A &ALEET RAL SIaheRR0d e a
deminberaﬁﬁe(”altimmeim)ﬂﬁtr@l@@i@@ sﬁﬁw@@i&s‘iﬁnﬁdﬁ N?Rmimﬁbfﬁhgﬁphmpiitude
monaobasic (KH2PO4), 50 mM Acetic acid (NaOAg), 2.2 mM of 1 M

AR EH R S0 G AR RiFaUse the LUM
HY@'@@@?tﬂﬂ(ﬂ@'ﬁ)égﬁﬁ@@ﬁﬁﬁlﬁ%@rﬁl#Mld*ﬂfé-ﬁ)e Eigwrején@é}@vwe@ptfhub-surface
PTR amplitude an ase showed clearly monotonic jncreases 25 after

e dBIOHBRHRBE WHIETORH SR ERL AP RR SRS o) dREreRsRR B! Soans,
shits édrsyansed pidha punaspemsssiicssraped drgiondrjiryed to be

due to humidity changes. Another 7 pairs were treated with the saturated

buffer sONKORSERABRIERTE SRS SHIRY: I h AEMIREEMI4RT R ELRRE Fation
tingsli@eN(2.2 mM Potassium Phosphate, monobasic (KH2POy), 50 mM Acetic

acid (NaOAc), 2.2 mM of 1M Calcium Chleride (CaCly), 0.5 ppm Fluoride (F7),
and Potassium Hydroxide (KOH) for balancing 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 stight 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 5a and 5b at 5 Hz and 500 Hz,

respectively, increased with treatment time while the LUM signals slightly
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pair was treated over different times; for example, the first pair was treated
for 30 only 6 hours and the last pair was treated for 30 days. The lesions
created had both mineralized surfaces and demineralized subsurfaces as

is fleiondase@aclyreastens asiansndd i FGusigaalThehsyga Hadd W Sanplitude
and 5b at 5 Hz.and 500 Hz, respectively, increased with treai‘r?nent time .
W TRR TN e R oo SEal TN RYER Al B R pistent with

Figartiet. fifiéngssiervetichléMammiplitvel g aneases) Wilbristeasin galeryes form
of qgemi eralization are also co%sistent with earlier findings in which
qu%n?faﬁ%'ﬁﬁ%ﬁ?ﬁﬁ&ﬁt&?ﬁdﬁ% 'cence (QLF), a form of dc luminescence,

waS aisesl 65/Eigtuates Hustiatestivealietradivaerinbbdimaiiatan 80

apparatus 80 configuration for interproximal scans invqlving three, distin
e RS R R e B S e e )
defimeibisigaaliuzolectiotrotiaivld fibket wptit & deaict ami 8y @)ydstpmapactlection
electrical and optical.power delivery/signal processing. unit with ..
A e e B A i mtisLngveer
didétesgsidnine lpmdeemggiuailyvdﬁmmned@n?pes@uad R rerddiioraddiection
detection dule 91 which uses a,new state-of-the-art rgom-temperature
B e S S 0 S oI BB RIS o o
catigrotiegOBdmtite alededtbe hranthdie S/btehicionted andewighale-of-the-art
analysi i ..This detector 84 represents.the state:qQfzthe-artin 15
R R A R Yol 84, ond
(MezZperabtezrnbtiier dSdotdrettatedalddse andBinelsgdean control and

- {Um-zing=.t i detect Lead Seleni .
Ay M GRS A e o ar
AritifraraidiéehSolpdgtdotedditohao tnelionerGaljitcadhnsemidin@n@assle (MCZT)
d 0.Refelyi talil i f th tecti dule 88, one _.
T M E e T
wisileidgtihCZ0) detetioy, anbead Belipoider S80w ) eRititonas Indium
P 0+ i ' 100 mW;
N S e L i e IE R s A
cdogleneGalidophicstdider (8825 sptieatytcoupled to the coupler 94 at

e Rt HBUEAID Clo R " SIS MBLGR"E, B S e
two semiconductor lasers 90 and 92 emitting light with a wavelength of 670
nm (e.g. maximum power 500 mW; Photonics Products) and 830-nm
respectively (e.g. maximum power 100 mW; Optima Precision) is used as the
PTR/LUM sources coupled by an optical coupler 84 and optical fiber 96
optically coupled to the coupler 94 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 bundle 100 terminates in an optical end section 144
which is a hand held piece mounted to a micro-positioner 140 comprised of a
3-axis translation stage and a rotation stage to hold the fiber-optic end section
144 so that one can control the position of the sample precisely with

resolution better than 5 um. This precise positioning device is for only
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diameter core silver halide optical fibers (e.g. Ceramoptec) 98 through a
multi- channel fiber-optic coupler design (e.g. OZ Optics) which is optically
coupled to the hand held optical head 82 at the other end thereof. 30 The

op%@m@(w%@ﬂt@fmif@@ﬁrﬁéammﬁbﬁﬁﬂﬁe&ﬁaﬁb&ﬁé}nWtﬁe hand

a hand held pjece mounted to a micro-positioner 140 comprised of a

3-8 PiRTalAR Sa5EDRY & FIRIEER Yhg ve et e -Bisre i around a

sestiepiciksds I0dbRiroag sa8rEeNHeLERe position of the sample precisely
with resolytjon better than 5 gm. This precise positioning device is for only

16 laboratORPERpMm RSt Hbes eAMARatPRAREARIiRat GRcoRpers

thevhaurdafetsh pigicsckénis sspareasiiniiansuinednavrs HisdrantRierssible,
144 around a suspi?ious tooth in § Hpatients' mouth. Other more effective

PR LR SO <8R RR LRCHRA IR BW BRCAR IR T b MM b S me
appdegiesthose skilled in the art are also possible, depending on
evolving laser techg%ggl and are claimed within this_disclosure, The use

of two laseifidffiPsy WS RiRSER AR giers i vAvRIGRS I

ordelvimfagiitaie itheriée or edativamoticatatdipedadd svagie B two-
sourcei represent different opti%a_ enetration d!egths controlled by the

totAr XTSI ARPERIN A ath LR AVBS BRIFAN £RRIBR srPgFolled
thepfiieababsxtiicivand séiticntiamitties coieiisit abearmgtior function

other, dental tissue). Studies by the inventors using thermocouples inside

n s CHS A S LB v TR ) SEANG R SR TS ORAgeT other
tenpestiseuld.iBieisedy e iSustideyelsing teppemivipldsardee the pulp
deemed safe for clinical,. use, and will not harm to the pulp tissue of

s R AR A e T R R P e B tggperature
Véngreassd dekbpCabaststamiing measuretnenissyidrdnasertyers0é for clinical
laser dio%ﬁfav? shown that PTR with th?{ 830-rég1§60urce exhibits higher

208514 Ui dre D 3 RS RHIB YRS GBS B inatb vade e Ting
of actoypéatslg PATRe vk}l de o Rdsdanidelis-25-Bo)chez V, and Abrams SH.,

R R R R o ypos o

Artiieiat Budes hkaess hesiotisainFTIwWith Thet!s 30 Bie ee-6206:9i18A4 Bikder

(Zggé%af?é)sf‘oﬁfroﬁ%? scdb-suﬁace caries than a 659-nm source at a price of a
lower signal level! [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), Jeon RJ, Han C,
Mandelis A, Sanchez V, and Abrams SH., “Diagnosis of Pit and Fissure
Caries Using Frequency-Domain infrared Photothermal Radiometry and
Modulated Laser Luminescence”, Caries Res. 38:497-513 (2004)]. On the
other hand, for acid etched lesions or erosions on the enamel surface incurred
after a short exposure fo an enamel-etching agent, the shorter wavelength
source offers higher PTR signal contrast due to the shorter optical extinction
depth (a few micrometers). The detection and monitoring of these erosion
type lesions is ancther application of this technology. The diode laser driver
104 (e.g. Coherent 6060, Figure 1) is used to harmonically modulate the

semiconducter laser current (and thus the power output) at a range of 1Hz to
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25 Mandelis A, Sanchez V, and Abrams SH., "Diagnosis of Pit and
Fissure Caries Using Frequency-Domain Infrared Photothermal
Radiometry and Modulated Laser Luminescence", Caries Res.

38YBOBRE3 YA B the fotaab hRshdritacish A SelVAsIansIQh amplifier

erosions on the e | surface incurred_after a short exposure to an
o SRS SRRl G en ERREsosheh G st SIS EBLIAGE BREF TR €.0. NI
PTIRGigAahcdotrass slgerie e shosiesaptisal fingianedsitiviadaws (e.g

micr . etection and manitqrjng of these erosion type lesions
is fxﬁwﬁﬁp}!ﬁ%ﬂ@&?ﬁﬁ& @W&ﬁf}éﬁ.’*ﬁh@ RSHET @é%wﬁ%ew%r@
Cofigrens.A0akridguee 1Disdised oriasnenisedly snadidaie ARa as can be seen
semigonductor laser. current (and thus the power Qutput) at a range of 1
I8 G015 55 e} e FEHEAD LR SOV LD e Ry the
amyititerseemsitting of a PC Board [e.g. NI PCI-5122 (signal analyzer 106
and e.g. PCI-5401 (function generator 108] and the appropriate
software hS 25§ rll_’gjﬁglmr\g\%g E%ﬁ%?’@éo@é‘%@lo%ﬂﬂ%ﬁifﬁg ALarEYy taP (for
precessplg theédntiignaling teehanivéreld dreitividel aoljllontriakes d=Aidme tooth)
ang as can be seen in Figure 6 there is a switch for pling laser driver .
o SRR e bl ok il b SR bt ety
to théhdeddnltsbsaphe ler dottio th2f2faro éxanple deteatisi wphoishtumingted by
held unit 144.to illuminate a patients tqo 10.through placing the end qf .
B AR SO LI b LA SRR G B eLarbpptcal
todittet 2@ soctitatitivettieritahsameichisadumitad S2bT heneod tietdéd mear-infrared
w ths of laser light emjtted from the, distal end of optical fiber 96 .
o R R PR el B SR B e s optical
L Ulesi §bahiroung thié domtiet 20 splidee tBlaciedydiressarea delivBphotodiode
optigal 15 fiber 96.through the reyers icer 130 to the.active area of
o T s e R A BTG RN e oBrE e 96
besidids fibers@d tooctdidn theechtalotited temminthaaidd Ddasigfiar@dm the
LUM. si from the tooth 120. For ex le, one or more. fibers. identical
o B A2 R Ao R A T8RP R B ALY SRR OR By Do
dedidatestitn Sibealy A0die idGiagdHib&ases bghiitoHb el tafith @addhsiamly
other.fibers identical to fiher ould be used to collect the modulated .
R R R o e Jo01B AR SeR STt o fiver 96
deteotdrhi3@ssittoutdliect¢ied fendealatesbl. UM signals 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 nmy) 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.
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splicer 130. As well, other detectors besides the Si photodiode 132 may

be used, 25 including any semiconductor-based photocell with bandgap
narrower than the luminescence photon energy, and any other
0pt0€|€0tﬁ$§ﬁ§r@ﬁ%%%@\ﬁfﬁ%e¢%§%ﬁ SYEIA RS GPARAOBRIMG oRRiBEYor
detector of luminescence photons, which may include a Germanium (Ge
phBtdRoRE, ARl HeRaRh eXitkhiig ARt SPeRaitrrbes (orthe gad of the

Suiiide Gthrlphniedades 301ACHRRNSTleraa dlassdikRidfhiggpLOriel
51345, cut-on wavelength: 715 nm) is placed in a U-bracket 136 in front
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18 Apparatus 80 may include beam expansion and focusing optics for
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ther dileen foTlesl s gigraizarel the-eaa obllestad tispuechpibsnimaandyNg six

Iumjresr%ence data are %ﬁssil?le under 830-nm excijtation, since

. nce S .
phtERIMR{ES Bh oY emLiBR YeiRMUEIPRL AN EH SRR igRE &g and will be
(Shiosetew oy eiengibZ phesensdhaa taripelip ot biptice IaENeeiaheainéSifening

673.and 700nm. The PTR signal gre therefore collected a concentric
Gy S il e e
fibersiQ8 agnaitbetisiieciad toitheMEL dideteotyiig using elipte apiisen to
142 with r@ irg{erv;ﬁnin 10 IR lens elements, for maximum IR power

e dr e

trah s lig )cusing optical elements other than mirrors are
also possibletiehintvudiche kinewsu it skitedliatae ladeFpolirer to test for

ional t of lated, | to test f temati
oY R R e G e Ctee: L% /G PO eI BS Reeh SR oy
reguilgog:theyfiitand Ghdrane fiesagefimhblodatae®i bhidwaistartich 32 onto

th light deliy fiper 96 is, f d.F itori dulated
e HUETE SOk R LT bt SR RGP 1Y S8 Rgrulated
amgliferate willlreinsedeAd®askaneasuieareidl of FHRAfre dhienny

and / (ér sgpalthéZO gg)ordingte scan can be performed with this instrument.
Fr@fﬂ? ﬁ' ies'c W‘H Q/47&Hfrom 0.1 Hz to | kHz or higher, ensuring

thermal diffesion inegthisdment, a PTR/LUM frequency and / or spatial

coordinate scan can be performed with this instrument. Frequencies can be
varied from 0.1 Hz to 1 kHz or higher, ensuring thermal diffusion lengths in
the range 12 um — 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
Lesionsin Human Teeth”, J Biomed Opt. 9:804-819 (2004)]. This range of
sub-surface depths accessible photothermaily assures our ability to monitor
deep carious lesions or demineralization below a thin remineralized superficial
layer of enamel. Using a micro-positioner 140 composed of a 3-axis
translation stage and a rotation stage to hold the fiber-optic bundle 100, one
will be able to control the position of the sample precisely with resolution
better than 5 um.

As discussed above with respect to the device of Figure 1, the
modulated PTR and LUM emissions are then demodulated into photothermal

phase and amplitude components and said modulated luminescence signals
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essed to compare the photothermal phase and amplitude signals to
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o 'Efo?gm%@% e e o en etigares
20 fregHpRrROvigeReNde netiometric and dynamic (ac) luminescence properhas
and frequency response, and comparing the nortion of a surface and the
known healthy porﬁon 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
25 frequenc;ses for canceliation of the instrumental frequency resboﬂse. |
The step of demodulating the emitted photothermal signals into
photothermal phase and amplitude components and the luminescence signals
into luminescence phase and amplitude signals is done using a lock-in
amplifier and the instrumental frequency dependence is the lock-in amplifier
30 response. The reference sample may be a known healthy portion of atoothor
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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The step of comparing also includes generating a baseline signal transfer
function, H(f), by obtaining frequency-scan data from the reference 20
sample with known radiometric and dynamic (ac) luminescence properties

angfreskienty fesprascat srmnasngrgeigerivaef aeaviasacid igface.
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distensearfddaeemexgipdelightl betantfene thegooth surface. Under normal

operatio he in ent the optical fiber bundle will he in .contact with

dontal SUPLECFONRY DL ST e RSt S Aoty ehingg e femera
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the influepce of fissure geome r angulation. With a, wider beam one,
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Function.generator 162_provides modulated sinusoidal., waveform to the

A R R T R A A U AP AT e s o

ligbo stninediap pfdpristalyceppeipdtsmamtmexcit aadbsticetbaraeay! hages are

surface of a,sample.of dental tissue 168. PTR and .L signals ar .

Coﬁ%ragasbef é%cgfﬁﬁmrgoqi ﬁasr'e %é%ﬁggr array ml’Ma mbdulated 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 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/modulation period) and
stored in the computer, each image averaged over a suitable number of
periods. Lock-in software applied to those images vields amplitude and phase
images displayed on the computer screen by the operator. These signals from
the cameras sent fo the computer 172 show two dimensional lock-in images

at the modulation frequency of the laser.

21



10

15

20

25

30

170 (a near infrared camera such as InGaAs for ac luminescence and a
mid infrared camera such as HgCdTe for photothermal detection) which
is 15 triggered by the function generator 162 to be synchronized with the

laser drivesrdibdic@anieeairhdgebker any enmesa (il AadigiHbinebEasIZIgnals
Ier}f or éombination of lenses to project an image qnto a detector array.
I
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i & Hudlssionals do

by TR RN E 7 TR SL MR (RO CaRIAREE S mRlive 5 Siong
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i nd din th uter, each imagg averaged over a suitable .
bR ReRe A0 BE e U Ratie 209 e e afa said
ampfeceiecarsbphds arichages!ditpiayeddifictencempitietisfseanibyibalental
opt?sraltjor. These signals from the cameras sent to the computer 172 show

two-dimensional lock-in images at the modulation frequency of the laser.
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from the camera 170 are demodulated into, signals of phot rmal phase
D S R e AR SR
Sigials ammeehodulaten hetastighalsaditionnestentie phaseands which allows
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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
atlows 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 printout of the areas in question.

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

used in a modulated mode to generate LUM images at some suitable
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tissue. In addition to using an infrared camera 170, in another
embodiment of the imaging apparatus a modulated visible light camera
174 (preferably a 15 CCD camera) can also be used in addition to the IR

cametfudf oy uieakavesl INAeas afdireeete alwisihlewryrieastisre be

recorded, An advantage of this combination is that it provides better
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corrective measures {o treat the tooth by using lasers to i} remove the
decayed or carious tooth material, i) prepare the tooth using known 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.
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10 inlays, fillings etc.. The instrument shown in Figure 6 disclosed herein
is capable 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 mmsﬂic@é%mrﬁ@ezﬁammg dogiiadd. PrRAR/CARe IS
is use toertaom;kg es on the surfaces of the tooth such as white

sp§ %H@ﬁﬁ%@@@ﬂ?'?ﬁl i) &dRtb PR face.

Thmsamsemmmba (ejsatcsrm)f £BanRt AR/ RALIgBER FARRLSIBSCRIEQLF), Optical
garatus of F ures 6 (rﬁ_:xf the cll%gém detects for example

AR IS eie Sl sishadnce

reMoai@majugscm)qsmde@erwmﬂmmmm&@mW@Hé@tamam the lesion
surfaces, he/she can then monitor

b S el T s
usmgslmsgrcsasct) p)amts/m tive litecalyed on MWlﬂﬁé?Qibtmﬂ%@.ﬁin&) and their

the, togth usin rinciples, of tooth preparation desi
e e et e R o O
vadntisndegih tof émhanaenegsintadzative, )n2biapitatmedism| el el dentin.

or L0E SReub eaeR e R SEr e Bty e e R

fumk&tmmeuaimgasuﬁwid lawnﬂ@ixﬁid&li\@lpri@tﬁﬁodaplWGgﬂ any depth
rof\ivave{orm en |ne rin eC|se f%ﬁn d control of op

ra8|at|on ISR And erma @Oég f30BuRYRiE ?g%c&fgon as
of lomgyasgiuaitdbéise wdsicel seforerciiy paitepsdo nsistbente itotibirtbaentation.
e R S R e e o
LUMrusmg tirg tyuihrstucd Fﬁhm&m@@&ﬂmdwmmdﬁelm@dture and
e TN AN oA e
Qum‘nmtaauerLabeuFmommmm;@m)a@mloauémmmetmmography
e e s R TR
eamali m‘ednﬁawmﬂmmé!sectedhennlmmahmednbaxm @aRimg in vitro. This can
T S B e AP e g e Rt o
substances to 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. [0 _
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
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entire depth of the enamel surface to the junction with the next layer or
dentin. 10 The colour change in luminescence is used to detect and
monitor demineralization and remineralization. QLF is not capable of any
depiin PEMOBEH HOABIPAien Ribsanmomiopiae change dieizeatinss,
lesion as long as the tooth surface reference points do not change in their
orfRRiIBh CRIBERREME aries Resistance monitors the change in electrical
potential THe asregsiaf Beteeihtisw fFape e teshaidusisdiersiibed tAdhe
literature and requires a dry field for monijtoring. It is currently not able to

orBWBBTAR R ReSRIBFRSRIA IRk A iR e IBERFRIPS il nvention and

denoiner ahzates irubiemersd R alvien dxhpstens APRaskie@ean Reintended
us%cfiﬂt detect an? monitor artifi iallg l(}g,rea ed Ie?ions and or natural
le 5)

e SrRPerRidRa e tRe s tsliag tote o U BBERAAIGETP
vagifesniPeRBic oAt HITR{RE A O FIHDEIEINGS S Il arRategLesNeRSIONS,
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 25 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. [0] 30 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 24 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 illustrate the principles of the
invention and 5 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
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encompassed within the following claims and their equivalents. 25 Table
1. Diagnostic criteria for the Visual Inspection, DIAGNOdent, X-ray and

Histological Observation DIAGNOdent General Visual Description of

IngRedton (HraghdstrscRestingfaphdistlagiriske@isn! IAGNGabnt, X-ray
CarieasebHpsvalingicahiesRe&tiIdHP9] Healthy: Sound D3: Intact
Indicating no enamel or sign of Healthy demineralization fissure

Demingrghigrad fissure but solid OiA@Nakrmtl 2 enamel base; very
or h['}@@lggj@@ldmipientvd?té%od enarey FarigssHealthy Enamel caries Histological
enameleligtited to tha ERSTHER d-4 ynderchiasthe thickiES R RBter hadbservation
of Obsex\aejé’gdistawce(tklﬁ%)\l the aRghe eggglel Monitor pulp; thickness
least 1/2 thicknessjof enamel remains intact D2:| hgggiggjical 2-5 Sound
FisBu[cis caries Demineraliz are. Enamel caries extg@@qggg figsure! enamel or
. Intact )
sign of Healthy
demineralization | fissure
Demineraliz
ed fissure
but solid
Dy nocaries, [ 1~2 enarr}ei
or histological | Incipient or base; very
enamei caries | Healthy Enamel caries good |
limited to the Fissures 0-4 under 1/2 the tehr;gngsst
outer half of Observe & distance to DEJ th - c:
the enamel Monitor © pulp, a
thickness least 1/2
thickness of
enamel
remains
intact
, , 2~5
Do: histological | .
caries glzsures Enamel caries Demineraliz
extending ed fissure
beyond the | PuSPect 401~10 |greaterthan 1721 /g
issure the distance to
outer half, but Sealant DE.J enamel
confined to the base
enamel recommen
ded
| Da: histological | 6 ~ 8
dentinal caries | Restore
limited to the the Fissure
outer half of with direct 10.01 ~ 18
the dentin placed
| thickness restoration o
, . 9~10 Dentin caries Canzf;s Into
Ds: histological Dee dentin
dentinal caries Dengn
extending into .
the inner half E:;Eis >18.01
of dentin J
thickness canous
lesions
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beyond the suspect. 4.01 -10 greater than 1/2 but solid outer half, but
Fissure the distance to enamel confined to the Sealant DEJ base enamel
recommen ded D3: histological 6-8 dentinal caries Restore limited to the

ther hisisupe dRAthctels Rutes e ghvibyayeshtoadriBPiarRGind LUM

thickness restoration Caries into Dentin caries dentin D4: histological

D9-10 eep déntinal caries Dentin extending into the Ca'legan]d%.,@;‘glr@a@{ation to
half cfigaptin|Large thickagsrgararscianions 26 Table 2. Chaapiphisttineric
ofi{frequency scan curves of PTR and LUM Converting gquation tq@gnaé
General char AGies S aSiaTBINGHYSEGT IANsEIcLhe Shape for a
healthy spot indpgoaipeiisinapstdiqaniiesyimdeayency (1 Hz) to
high frequency {1Q90tbI BigH mheprlEnc(dgmieradized surface, (slop(_a at low
frequency) PTiR-eRame) (asrsralerlingafigss Spots - (Sloppabhigly frequency)
an':%ltude show gipRiEE ARRIHAR R ¢S tirequeNCy3IERRI8Ehigh
co ed to hepBygreater drtiaalidy spalprbOUeASH Vel RYRiAge Of
4 1rEgRaHERs ranges compared to heaithy spots.
Unhealthy spots show a curvature average of 4 frequencies
(greater than healthy spots) in the
frequency range of 10 ~ 100 Hz in a
logarithmic plot.
The shape for the healthy spot in log
(freq.) - linear (phase) plot is almost (average of phases at 2
linear from low frequencies (1 Hz) to low frequencies {1, 6.68
PTR high frequencies (1000 Hz). Hz)) — (average of
phase Unhealthy spots show higher phase at phases at 2 high
low frequency range and the reverse at | frequencies (211.35,
the high frequency range than healthy 1000 Hz))
spots.
Both healthy and unhealthy spots show
LUM f%?;eaii?gp}? f higher amplitude at low f average at 3 frequencies
amplitude Unhealthy spots show greater amplitude (1,211.35, 501.18 Hz)
than healthy ones.
High frequency range (> 100 Hz) only, . :
tgahie unhealthy spots show larger phase than g,gzifsf(?g?iga:g)gh

healthy ones.
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(greater than healthy spots) in the frequency range of 10 _ 100 Hz in a
logarithmic plot. The shape for the healthy spot in log (freq.) - linear
(phase) plot is almost (average of phases at 2 linear from low frequencies

(1 Hz) to low frequencies (1, 6.68 PTR high frequencies (1000 Hz). Hz)) -

(avribge Bf Uiaselinbeadhy sydsireaneSighanihaasies NEssedhlehamel (Dy)

higinlg whesstee Yoasosfaishiie (BYEfee dhfisuideagiani@ddcid mid

high frequency range than healthy 1000 Hz)) spots. Both healthy and

ods

unhealthy spots show LU I\gsame shape: hlgher amplitude at Tow T Size of
avemgerataiteanenaias NPT HEFERCiGh ﬁ?fcﬁﬁ%g‘@@m@ Hzample (#
Unhealthy spots show greater anqaﬁ@éla than healthy ohbe/ [EQJM High| of points)
frequeTry rasge CLaIHz) o aone phase signal at high phase
unhegdimpigeats show larger phaz/i§ t’lﬂtmrequency (5(91318 @z?zhealth 280
onesPZR baple 3. Sensitivities grgbspgegficities at the gagies teyel of 280
enamelPahiand the caries levghafdegiin (D3) for vagaisexamination  2gg
methpds siersiaaficinreshold Spegifigiyghresnold Size gf Exg@ination 5o
metheddigg/Bsh (D2/D3)|sample 4§ ,qf pRINts) HTR anp' G@JM)LBQLIU 79 55

0.8 7 ASRIBSHSGYMbINed PTR 9§96 0-52°C 8670 87899 EthVI ot 131
0,617/0.580.8170.77 280 Visuat Inspection0:5170:36"1.00/1:0052

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

0.85131 28

28




Jick 0 5SEPTEMBER 2007 05 0 9. 2Qp' THEREFOR 11, :

CLAIMED IS: 1. An apparatus for photothermal radiomef§ Snd» %ﬁfa@@"ﬁ rs

luminescence- for inspection of dental tissues of é?ﬁ&t@‘i{tgmgmpgtﬂjng:gat .

I_east one laser light source for irradiating a portion of a surface of a den’ta? 7. 2007

tissue with a modulated laser beam of effective wavelength wherein
THEWH&B&%MWEQ&%MC signals and modulated luminescence

signals are responsively emitted from said portion of the dental surface; a

1. firsi detection mranhinsgriesinaevmeryited modulated llnninesseence
signals, and a second detection rgea s for detecting said emitted

for Emﬁ@@@ﬁﬁ@%@ﬁ%%’éiﬁrﬂg fCsEHER A ind held probe head, and
, fr;]\f:gﬂg@gp@ﬁéagﬁwmrwmbawgrmcﬁ&memﬂ%ﬁmm@él@éuﬁ%@d)ﬁand
eld probe head, sai ical fib le . i USEePHsE
den\irg-E ¥ x%%‘l"gHiﬂ?%)%% f"%lgcéo%%nr;%r%gg%%gwit@eggﬁ light sggﬁfer and
modultistal pivctdtTennateaciomeldit alanalelanstsoedwatRItIMARSHHRATy light
 sigfgresaitllidhhsouie i RatsRSAepA s ey dardlingirpéandiing
said hand held probe head, said optical fiber bundle including a plurality
of rﬁuﬁﬂshﬁﬁlécﬁpﬁdﬁﬁﬁiﬁ’ér?F\Qﬁ?ﬁ'{mgtﬁf*@nﬁ@ﬁ?%mgf%%%tﬂgaid hand
;um&% eaﬁﬁﬁi@;ﬁ&@%@@%&@h@m&m@aﬂm o gitrctitetexainly detection
_ , a first pre-selected numper of said mylti-mode optical fibers being.
e TP A B EITBEI SOV A miting aoid modulated
IuTmP%gan@§mﬂ?§ﬁemidmﬂewwM sovphicea fives bunidle adinest pre-
. selec numbher, of sai I ical fihe j
i 5 SO A B e R P e o oot e ing
inchottingrér Srstiopticairininpayitieza preAsTRranthiaRiicg R MuaRaed
w1 ernal dasdome lctianalid easinaseackdrisainnmRapo e which
said second pre-selected number of said multi-mode optical fibers are
heagfenfpasdiing i Ban-amg P@@éﬁe%&d&ﬁo‘aﬂﬁﬂﬁ% @35’13% $Reg oY
a {gﬁgﬁﬁgﬁ'ﬁxm@%@mﬁ gaiargmﬁ@ ﬁ'iﬂidilsa%tmcnpﬁbel’h@mmse and
. components an lumi ' J
oK SoRHEI N SR P B S G e o enatA
at said hand held probe head and proximal ends optically coupled to said

detection means, a first pre-selected number of said mutti-mode optical fibers
being near-infrared-transmitting optical fibers for transmitting said modulated
juminescence signals to said first detection means tolwhich said first pre-
selected number of said multi-mode optical fibers are optically coupled, and a
second pre-selected number of said muiti-mode optical fibers being mid-
infrared-transmitting optical fibers for transmitting said modulated
photothermal radiometric signals to said second detectioh means to which
said second pre-selected numbér.of said multi-mode optical fibers are
optically coupled; _

demodulating means for demodulating said emitted modulated
photothermal radiometric signals into photothermal phase and amplitude
components and said modulated luminescence signé!sf into luminescence
phase and amplitude signals; and

processing means for comparing said photothermal phase and
amplitude signals to photothermal phase and amplitude signals of a reference




* processing means for comparing said photothermal phaW’ : s . . .
signals to photothermal phase and amplitude si glﬁg(e, réfere%??%g%g@? 187 %
SHE 0 53EPTEMBEP 2007 05 0 9, 2dQ samplé aRd comparing Sad - 8 9. 2007
luminescence phase and amplitude signals to luminescence phase and
amplitude signals of a reference sample to obtain differences, if any,

sambRiwedsaigpigsaidisainersrarashisaand ampligrarignaihlle and
umifRasiina Raicdifiarancan.ndt dalastern pasteianialatifiueo dotaie
apparatus’according to claim | wherein said first pre-selecée%j?é.gumber of

diffesaitbesulfi anydesiyaen aid RAdBRSLSRIISRIEALSPYE &1 optical
roicliste saiffilstpRticahenh e smsitieds witld defecisirasaiiprahl.

~region and is used for collecting and transmitting said modulated
tissiigminescence signals emitted from said dental tissue to said first detection
means in addition to delivering said laser light to said dental tissue. 3 The

apparatus according to claims i ' spliiarsegtically
2. PR B B B o ) e g
nunesepidadsaidifirstde epiical fiesn isoPe s ihifeniira S sRIkE™!
luminesc ' ' [S6 shifiavdecednlingaditiiaser Sgattam
Opti%ﬁﬁ%%d%%&iﬁ%ﬁﬁ%@?e%%@% r?als. 4., The apparatus according to
regiemiand, @ e ieircing 47 HensERting R R LIRS e in a
s éﬁﬁﬁg%ﬁﬁ%@h{@_giﬁﬂﬁ%gi%tdéﬁtt@ seitientodald b igeieetvence
signals, and wherein sajid seg etectian m itive in a
meang RIS ﬁiﬁvﬁé‘&%%%%% 'E:ill%%a% s%iagrr?g%u g‘%ﬁ%g%#dtothermal
radiometric signals. 5. The apparatus according to claim 1, 2 or 3 wherein

said second_detectio [ f er ardeluride
3 ot B T A g g e éM&%’
opittetiy oy plee tal ildim@niss ByeleRaibIE X AT Ca gL RIELY

co%%ecqigrs%% Indium Arimenide.s(tpshl deteri@aiantcauiseidm Gallium
I

senide lnGaAs) detector. 6. The apparatus according to claj , 3or
luraingsersIASBIRNASt S@éﬁé@[‘f@FﬁF’n§aﬁ?f§d&?8%?!g‘%ﬁ%%%§?)r%ﬁ%ﬁ%ﬁo%de, a
safd SHORNEEY (@RInescence signals.

4. The apparatus according fo claim 1, Zor 3 wherein said first detection
means is sensitive gn a near~ihfrared spectral region for detecting said
modulated luminescence signals, and wherein said second detection means
is sensitive in a mid-infrared specral region for detecting said modulated |
photothermal radiometric signats.

5. The apparatus according to claim 1, 2 or 3 wherein said 'se_corld
detection means is one of a Mercury Cadmium Telluride (HgCdTe) (MCT)
detector, a mercury-cadmiummzincmfeliuride (MCZT) detector, a Lead Selenide
(PbSe) detector, an Indium Arsenide (InAs) detector, an Indium Antimonide
(InSb) detector, and an Indium Gallium Arsenide (inGaAs) detector.

6. The apparatus according to ciaim 1, 2, 3 or 4 wherein said first

detection means is one of a Silicon (Si) photodiode, a Germanium (Ge)
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30 0 SSEPTEMBER ?007 05, 09, 2067 photodiode, an lngh i
Arsenide (InGaAs) photodiode, and a Lead Sulfiq?a(i%%ﬁﬁ AV :

The apparatus according to claim 1, 2, 3, 4, 5 or 6 refi S5 "S8C8M. 0 9. 2007
pre-selected number of said multi-mode optical fibers for transmitting said

modulated photothermal radiometric signals are silver halide méfrlti-mode
phomaﬁoaetimrm@m@aamﬁta@%@&m%@%)dmﬁwwes,a&'d o5l

' ﬁio%(lﬁﬁfé one laser light source is two semiconductor lasers, a
suffiEReEeIR.

wo semiconductor lasers emitting light with a wavelength of
670 nm, and a second laser emitting with a wavelength of 830 nm. 9. The
7 app%gtggﬁﬁgiqgiggc&m@@&ﬁﬁheraiailﬁs@t, Iyt Gm&iﬁ@aid%m%d
semiconductor lasers are opfically c | Ml sai
pro RS AMABER 26 SRRt Rt oe o G e s said
mo@litet fitestplaeaddhramhetratihal deesiyefdiaide kmdfiaesfight
refL ted or scattered by the dental tissue. 11. The apparatus according
opt{%a %i\i‘i’l%r?'wherein said processing means is configured to store said
obtained differences as single data points from said detectors. 12. The
g, apPPRfalus aceaIdingdorany aneiaisleimsd, in Shigivbingibeaid at least

expansion and focusing optics for adjusting a sizg of said. of light
oneraRRIIHH BRLTGEHEINR SEEIN ISR G H&%%&?z@ gf%‘lg és’raég%ﬁg]dental

serfifsaIRl RagdsegeitdgTigtipithmws wbeogling’ ©78nybrangdizlaims 1
to 11 wherein, said modu\lla‘g)rp eoa{r%'@ Moftware based lock-in

SeCRARIIASET £MEING WK § YRR RiGtulated imaging system for imaging
dental tissue using modulated photothermal radiometry and

umingse Inspecian of denial Uassienobadratipnkrrtapinng: at
. Ieas?ﬁﬁea%%éﬁiéd%?aser #ght source for irradiating a gortiqn ofa‘ .
said two semiconductor lasers are opticaily coupled by an optical coupier into

& wityg

(0]

said first opticailﬁber‘

10. The axpparatus according to claim 1 including an optical filter placed in
front of said first detector for blocking laser light reflected or scattered by the
dental tissue.

11. The appara’tds‘ according to claim 1 wherein said processing means is
configured o store said obtained differences as single data points from said
detectors.

12. The épparatus according td any one of claims 1 to-11 inciuding beam
expanéion and focusing optics for 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. '

13. Thé appafatus according to any one of claims 1 fo 11 wherein said

demodulation means is a software based lock-in amplifier.

31

AT Eﬁ.ﬂt;"‘t
[ Sl

E",L .)n‘ §) e ".}’




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 positioned with respect to said
dental tissue for detecting images of said emitted modulated
photothermal radiometric signals and said modulated luminescence
sitthals, /sB109HRIghErdetee foRiemdanEnacingifeniptbmmpmiingear infrared
caméuisyptivtotiizedanithisaidiratded sirane soectddte dnigsearibghdrsource

fc&{quﬁg%]a%g%@g%ﬁérﬁ@6ﬁgﬁiéﬂ%uIated luminescence signals and a

mid in camera for detec images of said emitted modulated
phototh&Pat ratfoRRAHE SR IRHRT IRhSRIIRRIFY iadialne edaisanhing
saigitnages akemitieshanadudaiedrphoigiesmal sadivmelin signgls into
MRS 8&9&%@%&;‘&‘%@% and Anplituge companants, and, said
images of emitted modulated luminescence Signals into Images of
IUHTRERENSE SoRAE Aifd HPRIRIGY SoHisst Bom prétessing shens for
caamarngrsaid images of photothermal phase and amplitude signals to

images.of aohot%therr%?al %hase and am Iitugﬁ rgi ré%ﬁ of a J%];eg%?ﬁgsue
an

im é;lng etection %an-sgosmo d Wi Oﬁai
sample and cdmparing said images of Tuminescence phase

afApfitigelisyitarges phagie Sotliemmedeiatee piristheine aasmmeiac
sigRalssOiri efer ancRIsAaRIpYA R IBLAitRIBRCe Sid fRRYiInd glNeepsaid
partion aof s[aié? dental tissue and said reference samnpg'-:' and correlating
TSGR ER R PL T AR AP T Ao e RS LT tor
diipkeashorsaitoiviaied [B21IRIT heuredalatettiitayimggss eratedrding
tovdaimdd: wherairsaid @é;;ﬁ%%%@ mrduipied laseelg Rl 2RKEeEng

n

includes a_laser driver, and includin function generator synchronized
WP (L RV TIRRH BT S AR P LI BB 5 SRS is
connecgigitocsdddi o mution dendsatoldaths strig deeseDyf thaifienction
ORNRIARBATLWHRIGIR M ReRsianal amelitdg.and phase images are

displayed on the computer display at a modulation” frequency of the laser.
1B RO EREER FA PO e RORRRRATS BRI TPARCRbin said

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

processing means for comparing said images of photothermal phase
and amplitude signals to images of photothermal phase and amplitude
signals of a reference sampie and comparing said images of luminescence
phase and amplitude signals to images of luminescence phase and
amplitude signals of a reference sampie 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; and image
dispiay for displaying said images.
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near infrared camera is a InGaAs camera, and said mid infrared camera is
a HgCdTe. 17. The modulated imaging system according to claim 14, 15
or 16 including beam expansion and focusing optics for adjusting a size
of said beam of light incident on the dental tissue for adjusting a size of
ths ared b Wedtddigssumbemngysteyedcd@ithe tletulkederegisgd at

SYSISMACEAENS] Blalmidd: Qo'irré@1R&zﬂr&eé@k‘égé?%ﬁv%@@ﬁﬁﬁ&[xdmg

recording images of the dental tissue at wavelengths in a visible portion
oP e SHRELARIRr e W‘?’Fﬂﬁ’&’fﬂﬁt\ﬂ&ﬂﬁﬁ%ﬁﬁf&%ﬁ% ALY IS EAIm 18
wihergimgsiatk atiam ererissasCOihéclear tre seid pledtidevieak camenaisensitive

N RS MSG POFIRB:SH Q&E%BF% heldlf {%8‘%7& g ’r‘@?%&%tﬁk@ée m

according to any one of ¢laims 14 to 19 wherein s emodulation

nfi%heNEsg %%@rﬁé%%qw SR HinsRfiEputgndispiay at a modutation

frequency of the laser.

16.  The modulated imaging system according o claim 14 wherein said
near infrared camera is a InGaAs camera, and said mid infrared camera is a
MgCdTe.

17. The modulated imaging system according to claim 14, 15 or 18
including beam expansion and focusing optics for adjusting a size of said
beam of light incident on the dental tissue for adjusting a size of the area of

denial tissue being imaged.

18.  The modulated imagihg system according to claim 14, 15, 16 or 17
inciuding a camera for recording images of the dental tissue at wavelengths
in a visible portion of the spectrum.

18.  The modulaied imaging system according to claim 18 wherein said
camera is a CCD (charge coupled device) camera sensitive in the visible

portion of the spectrum.

20, The modulated imaging system according to any one of claims 14 fo
18 wherein said demodulation means is a software based lock-in amplifier.
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