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METHCD AND APPARATUS USI NG | NFRARED PHOTOTHERMAL
RADI OVETRY ( PTR) AND MODULATED LASER LUM NESCENCE

W 200M09EBR DI AGNOSTI CS OF DEFECTS | N TEETH CRM83/CA2006/001171

REFERENCE TO RELATED U. S PATENT APPLI CATI ONS Thi s

patent application relates to U. S. provisional patent
appl i METHODSANDRIAPRARATUSDUSING INFRARER BHOTQTBHERMAL

2005 ent RADIOMETRY TRIR)UAN PRIQINNCATEDMAASER\EBAMINESCENCE

PHOTOTHERVAL RAMMEDRYD(AGNOSTC SVOBLDEFEC TISNBEREETH
LUM NESCENCE (LUM APPARATUS FOR DI AGNOSTI CS OF
DEFECTS IN TEETH, filed in English, which is

| ncor NORBISEIREFERENCE TOREDATES U. PPATENT APFLICATIONS
FI ELD OF | NVENTI ON The present invention relates to an

appar at Udispatent applicationfrelatesetocy -S. goavisionahpatentdpplication

ot B Bpiaip ATbO ont Uiy 38, 2063 bl UL TaREoUS

| UIFTRE?QUEW-U@MNN ONFRARED lFHﬁOTOQ’H’E—RMW\A RADIGMBEIRY (PTR)
for _det ectlon of dent al_ def ect

der?sNi%MFP S TGP AAPESR UMNE&%EN%GLMMMF’RMTUS FOR

OO P AR SV TR TR FER R L Sy &
t héncwirperapedbdreis o s enfirety bylesfetdreepr eval ence of

caries, particularly snooth surface caries has been
consi derably reduced, but the devel opnment of a

non-invasi ve, non-cont gl HOFANVENIHI®NNI ch can
detect and nonitor early dem neralization on or

beneat h Theeresamtdnvention ielates te antappardtus based darlaser-

A B PRl PR Bl B8 e e PRRAR Torea to as
haFbPFR dJrnsll‘rWPER,) apasasuencyonmald Wraiedcéhed (Rdnceforth
infrared (bl ack-body or Planck radiation) response of

a fefened ﬁeﬁﬂ GHM’rQiﬁjF‘PIYHgUM) Jer rdatﬁcapn&ﬂ dsn%ﬂsqutm
aneenﬁné@ﬂmdnvsn&gﬁtegﬂ.n%%g&ﬁgght% g&b {%@ {3¥fe%tssé%|u'nd

tenperature rise.
penestoctions and garigisdniradratlyat i on about, an

BACKGROUND OF THE INVENTION

Nowadays with the widespread use of fluoride, the prevalence of
caries, particularly smooth surface caries has been considerably reduced, but
the development of a non-invasive, non-contacting technique which can
detect and monitor early demineralization on or beneath the enamel, dentin or
root surface or dental restorations is essential for the clinical management of
this problem. A novel biothermophotonic technique has been introduced,
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
opaque medium well beyond the range of optical imaging. Specifically, the
frequency dependence of the penetration depth of thermal waves makes it
possible to perform depth profiling of materials. In PTR applications to turbid

media, such as hard dental tissue, depth information is obtained following
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opaque nedium wel |l beyond the range of optical
i magi ng. Specifically, the frequency dependence of the

w@maeomaid on depth of thermal waves nakes it pEI2CA2006/001171

to performdepth profiling of nmaterials. In PTR
applications to turbid nedia, such as hard dental

t i eptieal-tdeheimalrérergp tooversonadricairamsbort of the incident laser power
tical-to-thermal energy conversion and

{2 i S PRERE Fages rﬁqr@@ﬁt'v¢lasfé¢m®mr-wrfaqmdnata@per(@e -
o g»gggg,e BAtBled By the Uit a ity Wf ehamal Adrifaiay,

enéhmeligh dtatkbady @missibgs froh ooxghdéﬂahb,kdmnereegms ons

f derabJ deeper re ons co rate th the
oggg]@g'?n%éﬁ@ter‘ﬁ'lt OptiGa) 8 %??f@bpﬂggéﬁ#mhéa&ﬁered laser-

Iaﬁﬁ{uc@al&p@@apméwwévefraﬁhﬁn)(several m). Trends in

i mproved diagnostic capabilities, coupled with
SI gni fi Eraﬁrnds/lnhn‘g}ﬁ@vect)@agoasthjmnaj:dltlelsr eelhpjédwifnomgmflcantly

Ry PBECA 0T b ol Frtsslie R i BB e o

S UprebesREy-domairefichpRriuekltatfie| REeRbRtiBh h@éﬁﬂﬂlg@és to

phot oacoustic detection with due attention to
ph§dpRlemsmt oR eepiaes pHispddaseiathotethermaler phdoacaistig detection

me T f e hotonlc far . dental .
o Ui B B Bl 558 S PABH B0 S Sterng
conmdigneThasise oflausr bistBefraspdtanies feodentanda ﬁééhd’so
thg?% enorrenon of | aser-induced fl uorescence of enanel

or detecting and oot MoAitedng isicasigriegiasra peompisingdechnique,

g?g@?ﬁ&é@ﬂf@ lﬁgaﬁﬂegléherﬁg cﬁq?é&smgg«gé(dlﬁﬁor%%%ﬁﬁ of enamel

Ther fa tfmtflmiremmtcetaampﬁlb)y gdrphylapd pregent |In| &mbbsltl%sue R.
donaln | aser_ infra

ilit
Bt Koo, e D tBrRI Dot Sarie - U et 5,386 g4
d
ot g
I\ﬁeQUenBB/ﬁdeﬂna[Delpser ipfrafed phetbtherrrialrm;ﬂlogletﬂyl(ﬁg' R) toward the

o BB O et E SRS oS et Mg elig bl A Fandeets, L
OpNRRAAHES I@SFerPg AhaBHEAam @I@U\Fé‘fbérﬁéil)l?\leﬁﬂ]lﬁroglometnc

130- 137 bOOO) and N col ai des et al I'col al
A. Ilvagiag|Using §n‘duliarreoustﬁraqy¢ncwa¢maumdnfmedtﬁghmmhermal

Fr eé 'Oﬁﬁé}%még%ﬂr?% %S’opﬁép#a} BB%acoustlcs. Proc SPIE,
A. Oraevsky (ed), 3916, 130-137 (2000)] and Nicolaides et al.[ L. Nicolaides,
A. Mandelis, and S.H. Abrams, “Novel Dental Dynamic Depth Profilometric
Imaging Using Simultaneous Frequency-Domain Infrared Photothermal
Radiometry and Laser Luminescence”, J Biomed Opt, 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.
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Radi onetry and Laser Lum nescence", J Bionmed Opt, 5 ,
31-39 (2000)]. More recently this technol ogy has been

wamedodes4 occl usal pit and fissure [RI. Jeon Q@CTHaAR0A6/001171

Mandelis V. Sanchez S.H Abrans "Di agnhosis of Pit and
Fi ssure Caries using Frequency Domain Infrared

Phot ot her mal Radi onSUMMARY OPITHEINVENTON
Lum nescence” Caries Research 38,497-513 (2004)]

snoot h JherRIesentiBventiasy provideg=an arraratus with frequency-domain

d i : EW
i mrgﬁétr}egﬁy@w%ﬁéﬁ% ratus w t%?@éﬁ%ﬁ%@'—a&%ai n
i nfurainedcedas (RDv&UMY), as adnplementary @yR3mic dastal detection and

| at I | umi cence (FD-LUM, as )
coAiAdBioRHe L3S o MRPEctE, ol diand delestva ieraskeg ensious,
; : < A :
oabindles SO bR AT i e KRS o oo
sustidaeg.ntarpfoximat ¢onjactrregion hateiepn neighboring teeth intraorally and

sur. roxinal  contact gion between .

nePBBe P RseT hE (et 2apab Bk Bomasie aainges.
Thaeffvérafizatiorcand bl ferAinef@izhtion bNdaMEChRes of the tooth surface
dem neralization and or rem neralization of various

ar whethgr in yivor gonyitsr Thisemethedran benextended Irto armodulated
i . Thi 1 dul at.
Y rrhBain o SuBTE IR 1R Taidet (BT BY i’ R ot fared camera

mulri additioayhis miethod dvatadririoudd & caddértional Uititie 8pe&PAl range
woul d i nclude a conventional visible spectral range

cafBMEd i eapiulp andstPreinages Rhiastosth sudacatar ipngoing
S UFéf%Fé%cfeQ rAI%@Q?nmﬂﬁfoﬁ[ghctﬁ%?@r%? Bn'ascérﬂéﬁ%gﬁtak@gg\ée or

can be stored on a conp rve or
of othemtypesdefuneswry delicds irglydipg paper ptintastit féoretrieval during

tri | duri i itorj.ng of the patient. In
La8N9FBR oMk BRI PRBERRINGASiitian, the Praselt faghnology can be
Coni : . . | ) :
oAV et DL 0 S0
ex{pepeactiore sughgs @bl or &GT in drterdd expasd tHeaamgerahd resolution

neay - surface detection. In, gne. aspect of the invention
th f%u Sgr%cgﬁr@é%eagﬁ%grﬁaél%r phot ot hermal

radi onefr yn&BSpERWBI R Alehtioh ARFESE prRoVidEd hﬁ%@ﬁ?F&tGé‘ for
of dental tissues of a patient, conprising. a east

onehotetharmal gdioretiy and medulatediluminascencedot inspecfioraof dental
SURARS &tfa Batient, comprising:

at least one laser light source for irradiating a portion of a surface of a

dental tissue with an effective wavelength wherein modulated photothermal
radiometric signals and modulated luminescence signals are responsively
emitted from said portion of the dental surface;

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
inciuding 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 held probe head, said optical fiber bundle
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dental tissue with an effective wavel ength wherein
nodul at ed phot ot hermal radionetric signals and

womdub@ead | um nescence signals are responsi valGr/CA2006/001171

emtted fromsaid portion of the dental surface;
detection neans for detecting said emtted nodul at ed
phmabmcneg raamluallgnai mu&hmoslamptlnakjﬁlbeis davingndistat erds terminated

oo} et e e R e 8l BB B8l g saia

| Sa'd@té&ﬁﬁ rhéaitk, i frieephesslectedi tlifbér sfdaid M- n%&édéﬁ Stical fibers

including a fi r'st optical fiber having a proxi nal

i nbephg rear-iskaradiraasmitingwpptical fibars fuolg hﬁnsmbltlng saatdomadulated
d t robe hea

) eSO PR 6 S oS AP 8059 e

panhuatder of dambmhlrﬁimgaa@ﬂngaﬁltiérs blemmldlﬁmfélrédlﬂaﬁghﬂtmg
hand .hel e hea said optica [
buRBliea! r\‘gﬁeﬁ% % Jranspnitting saiq, pgmtmrmal rediemedyisianals;

fibers d

pr obe hggg{dggldﬂ | o@%rarg%)@n&(ﬁﬁ 5@@?@??@3&?@3&3’3 Q&Igfgdd
dephotqtluerr'rlraialgnalsalrﬂo photathernsad phase dinduarhplitudé ceripbnents and
mul t i al fibers bein _ .
neSPlY 'Hpga'faE%J mﬂgmwe@gwﬁ htglumingseengephase and amplitude
tr a@ald; ahgg sai d nodul ated | um nescence signals to

sai @det ection neans, and a second pre-sel ected nunber

of sai dpmﬂqssmwueaogformmparb@sand)@hpgathermal phase and

gﬁ?ﬁ‘{fé g é'gqgiﬁﬁ&qtb@ﬁ%%p&ia%%@ d Det [?t}y]agrsm%of a reference

degéﬁhlplléiéh@ gonpaniagisaid mﬂﬂﬁdsﬁe’rﬁdermwa%él ghambli®de signals to
nodul at ed phot ot hermal signals into photothermal phase

an Hira'ﬁﬁﬁwmep*&:ﬁwféﬁmh sianajs pbauetaredce sample to obtain

et a7 BeNied T g oddHE S G SR B o B sap
sarefe@mfecﬂdmepleﬁndp&m@am‘gdsammfféredee§Mthfdeﬁedt@ in said dental
p ?t ot hermal phase and anplitude signals of a

r efl*¥¥hce sanpl e and conparing said | uni nescence phase

and anp

! | g e o aipd PIAVRRRCE RCRBR 16t it of defects
d| ih‘dseniabim;ua |ﬁcladm,g dresivedesiens,pipand fissureflesians interproximal

P it e L A bt e
deﬁémbnél'ngﬁthé steps of.

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

transmitting said modulated luminescence signals to said detection means,
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The present invention also provides a nethod for
detection of defects in dental tissue including

weeowhowesd esi ons, pit and fissure |esions, PCT/CA2006/001171

i nterproximal |esions, smooth surface | esions and or
root carious lesions in dental tissue, conprising the
st apd apdecomd prielseiectad inugnkeer i shidmuit-madewptieakfitdrs deing

(o Mg TR AR R Hoe Pt e h i eAdPhclothermal
di sddbnieRy s@énélstﬁéﬂem SP&H’ Ifuﬁﬁhalﬁdrpg{ saidM bgq @ia%gtﬁrface ofa

optical fiber bundle including a first op
had'en@l aswewthmt leasd one Vmelaagth@cﬁﬂigh’rmodulm phototleermal
Wh { t ' t
e BB Saliels el Bkt ueelenceicnslt ara resnausively
hekhigsd renhesd p‘o@foﬁ bPSEHIsUHRBA of tHEhdehtaPSusaded | 1 ght

source to a patient's dental tissue by a clinician
handl in§) §Qt€tﬂ>t'ﬁal$éld1@mdtqﬂr r@@dulaé%djph@f@ﬂwrm signials amdsaid

E,PA #}@8%}% ?é giqug &y of nulti-node optical

avin term nated at said hand held

pr obe he)idemodumtmglsmi emitttd mpdulaéd phowtiverethl tsiyrisdd thto
det ecti on ans, a first Bre sel ect ed nunber of said
‘ﬁ ggj@ppgg@nle, Fapli fie cpmponents and demodulating said

”eﬁ{odd‘été&ﬁ&ﬂﬁefs 68 sphag dﬁf&t lufiftheddehREHHARE b gnd amplitude

transmtting sa| m nescence 'si g
sabigndis; aodi on maans and a second pre-sel ect ed nunber
of said

nod
i d- i nf pE“%@p?r'aﬂ?m‘%{’ehqﬁé‘lf@wﬁaﬁaw 36 ampjtude signals to
tr aﬁémﬁérmw pfhasél ahh%rﬁélh@ﬂ@%lgn‘éﬁ;%@?éfébéno%’fe% e and

wher ei n upon illum nation of said portion a surface
of camperinaisaid kimieesgeneeqthaseand amplltwelesllgmgs to luinescence

i gn{ﬂ %érgg r aﬁﬁﬁqﬁ%@@ ghgé,&e{%’f g%’éﬂfér%g:cg fglgtgiog% ﬁi 'P@%m |ff6érences if

emahy asetiveemsaid goitiohtdf caidderstal tstier érﬁﬁ@alﬁfrefe'ﬁ@nce sample and
dental surface; b) detecting said emtted nodul at ed

pheeelrbingsridsdiffatances Nﬂ”’s@ﬁffGCWdB Feig dentaliissuescence
si gnal sy %@l % gﬁrﬁe@h‘oﬂ%l@ d 44 HBI%‘t’uéafo‘?%agmg dental

photother Into Ye7 trar phase a

anfissueudsing mrpdmaehedspfmwthéanamummetgy and tuminestéhcsifor
| um nescenCF gga S into le%m nescence hase and

anfSPEAYRD Sf deRLUssUes Qi RANIGPLIGIBPRSING phot ot her mal
phase agfieasPbhé HitRILREAMsErlight 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 positioned with respect to said dental tissue
for detecting images of said emitted modulated photothermal signais and said
modulated luminescence signals;

demodulating means for demodulating said images of emitted
modulated photothermal signals into images of photothermal phase and
amplitude components and said images of modulated luminescence signals
into images of luminescence phase and amplitude signals; and
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phot ot her mal phase and anplitude signals of a
reference sanple and conparing said | um nescence phase

waoazod7/enypd4i t ude signals to | um nescence phase a@i/CA2006/001171

anplitude signals of a reference sanple to obtain
di fferences, if any, between said portion of said

dent al piozessingmiessd fbr cofrpagingesatdimphgesiofbhotothermal phase
correl ating sald di ff_erence?ﬁvvi th defects in said

deﬂ@%?n’m"%igwlé_tﬁﬂr@geﬂ§ 0 b‘é‘iﬁ’th%ﬁ‘aépﬁas%ﬁadiélﬂ%"t%e signals
apges ?t%]fBFeH‘ rsdrﬂ’lﬁﬁ@'d?ﬂj E{ﬁﬂgﬂlir?gté&aqﬁla 85149 #dﬁﬂ%é‘éﬁ& phase

phot ot hermal radi ometry a m nescénce

i napdatpbitude sigealsdb images of luniinesgartdegphigsecanthainplitugle

at | ealgt fone nmodul at ed I?seé I.ig%t sourckei for id

i r $i90P%Qf Ayrelersore sample 1R okian difiereiices. JaY Petegl sai

W pbrtidnkagicPdentabidsuel artnssili frefdrévee ¥@vipleeard Borrelating said
wher ei n nodul at ed phot ot hermal radi ometric signals and

nodiffeegnags|with defestminesaid gaalad tissue; @ddponsi vel y

emtted ' L0 : al surface;

i magi ng'"gge(fé;@\t%ﬁloag fﬁggﬁb%&b@ %é'gﬁggsgmgt h respect to

sai d deThealprésertt ireveintiondageptovites arageisod fordmiading dental tissue
em tted npdul at ed photothernmal signals and said. .
rotRldeteation Afidedacts it thesdgmal UssugrhapRtiantrePrRHsigg thp steps
degpdul ating said i mages of em tted nodul at ed

phot ot hermal signals into i nages of photothernal phase

and anpé) fluchenatmgpa pertion cfredswiaat ofrmdestabiissusdiwithiadeeam of

| um nescen i gnal s, into images of |um nescence phase .
anlB R A Rs e Gl R s R R TPy el OBl rtiSmetric
COgipﬂéls%osﬁio@uldf@&ﬁﬁniﬂ%s@é\ﬁ@éibﬁélﬁre PESShsARIy emitted from
anpli t ude sngnal s to i mages of phot ot hermal phase and

anpaidtpediion pothel derel surfaseer ence sanpl e and conparing
o Bl 808 A AR e onas

signal s uam nescence

si gn@lsaidoodulatéc lueninescaael signalspbt ai n di f f er ences,
i f any, between said portion of said dental tissu&ﬁand

said r er@%’ﬁQEU?ﬁﬁgIsé'daW&aQﬁﬁ?féfrﬁ'ﬁPﬁd“%‘é?'ateﬂ‘i ﬁ"?‘g? §o3

o SOHEIFE) PSSR ot S Ao T S anc

pr demobesiaingestaic indges oihmgdulgtetblumihescerxessignals into images of
luminescence phase and amplitude signals;

d) comparing said images of photothermal phase and amplitude
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 sample and correlating said differences with
defects in said dental tissue; and

e) displaying images representative of defects, if any, of the dental
tissue on a computer display.

In one aspect, 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;
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for detection of defects in the dental tissue of a
patient, conprising the steps of: a) illumnating a

womot/omes4of a surface of a dental tissue w th RCTeswWe601171

light of an effective wavel ength wherei n nodul at ed

hot ot hermal radi onetric signals and nodul ated .
}O uni nes PENEdingirgtationakdearess sbfrepdemytodhe exetiatioroseurce for

: 'y o tecti
 ripReling B8nfi of Ript SR cet U Lafdle MOBE! Tal ' P gnal s
and sai @rc_ndmﬂrhgapqudiiorﬁﬁmee?eylpgltstesg:ﬁﬁhoihalsg ggam in the range
. . e
gﬁg{)‘%ﬁj @5 ktgl% @a&ﬁgr'gg‘?fﬂsch tﬁ’aga%k'g?; phot ot her mal phase
and anplefiéihg"PERaBaRALA dMAICCARERN Y bM%sidH gyérr{@agﬁsbf optical

of nodul ated ['um nescence signals Tnto inmages _
| ufiberssereeft-axighaisor gadfiguationude si gnal s; d) conpari ng

o gnal & St ainsEd e FBnaEyAdtte D RingBOR alrhukg otteing the
si frequeney-sean gatl fetrhe AASiRINGe FAhPIO WA WEIBKAEWA radiometric
i %ges of | .um nescence phase and anplitude signals to

[

dlypamic (AG) depieseener BEOPARIESIAM freaHeney psRPpsef
f . L ndisffer o :
bet weonCouPa RGPy bang Bf dinifide Bfi6y AT phlke fiterenoes
r ehealting elefestyecernsibrg aensiheatalingd s@ri chridiubfdental dgsuaiat karious

d ts i.n said tal  ti ;. and e) displaying _

- migauSsas Iant AFIA A 1 By Bor Sl ooy Bl a%d flinceliation of the
deHstunidritalffeqUendy FespaHsr display. In one aspect,

the present nethod conprises irradiating the tooth

sur f acep@ffermiag depth-prefilometrincares| Heséimgratitedsand ebdsion

ot . Ul ol Vi s bl
“HBEBRIceYR BRclob hroUB ey ¥ Gafk ecasifiar ©
degr eesstoringthedata ba thé arexxexdrainedo WM @nParison of changes
i nspecting dental or tooth surfaces at various angles;

pr B€ifH™er i odi c frequency pul ses of the |aser beam

Iklr—llz the pRR&fing 353008 of Rifa Oy SARL! Sttt oA Sredaledifined,

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 tooth structure for the placement of materials,
prepare the tooth using known principles of tooth preparation
design using conventional burs, ultrasonic energy, lasers or other devices for
tooth 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,
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delivering the radiation and collecting the em ssion
by neans of optical fibers or off-axis mrror

wamof/hmes4at i on, generating a baseline signal tRENSA®NG6/001171

function, H(Z), by obtaining the frequency-scan data
froma reference sanple with well-known radionetric

and dynami c @pply 4 wadieachacwillmitiee sbakhedfabe it YeHebte
resgonse. _conpar.ing by means of anplitude ratios and

g
phieBingralization fdhe guifaes, defective, erosion,

dem neral i ze £a&il [ L QU
enal oo CBuR of 86t DUt Th thE G S iackTesitig the tooth to
cofermasnd funttioan veingatitabledasehfiuencet delivent ptotocols through

frequency response. perforn ng depth-prqfil tric, L
c aPLISE WeyefBHB Slioiiesing, [P B¢, ORlirBRASONIE! gptical radiation
detj@mér?faﬁdfth@ﬂﬁél éﬁ@ﬁy@@ﬁéraﬁi@ﬂn plat a acqui sition.

storing the data on the area exanm ned to allow

conpar i son ofmMAHgnRgad intervertianal aiterationsin thenepndition of the
.Ouic%cﬂﬁ b&%gaﬁé’gyc%bmﬁ RN (it he area exam ned,
i f e da Cli

a an nical expertise indicates the
presence of pairitor tiyytooth suifdcerfpridrgodty thangdspridradiany
t he toot? by using | asers to: renove the decayed or
caf®¥ent!8Bt h naterial, renove tooth structure for the
pl acement of \MBHifF kil footP5GREES ] BEmbRSt-SretilMMeldi24tlon in
principles of tooth preparation design using
coniirerand rexhineralizatian aftes epplicatinaraf waribas Hrevapies aridesolutions.
devi ces for. . tooth preparatjion, cure or set a fillin
mat eri af® f?’ﬁth?ﬁgn?%'c? de?;p%Bgﬁlgtfpgﬁthrgi@gaiqﬁidap%@epga%ﬁ.pects of
t otHedinWeAfich Ean Bkirealizadhby eeferdricBltb ehé ASIRWihG HBRIB description
delivery protocols through pul se-waveform engi neeri ng,
f oANEAERWVEES. opt i ni zed control of optical radiation
delivery and thermal energy generation. if the data
and clinical expertise indicates the presence of
deni ner al i zat i BRIER DESORIPTION @B THE DRAWINGS t he

tooth by using lasers to: alter the surface or
subsur f i’eg ape, ﬁ@tug?qxageg\agt etection in teeth according to the present

invention will now be described by way of example only, reference being 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 and
frequency domain luminescence instrument for teeth defect detection with
added rotational degrees of freedom for the excitation source for inspecting
tooth surfaces at various angles according to the present invention;

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

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

FIG. 3a illustrates a spatially scanned line across the interproximal
contact points of two teeth;
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alter the surface or subsurface to allow the uptake of
various nedia to enhance rem neralization, apply a

womdi/eoveidhat will either seal the surface or P@MOA®06/001171

rem neralization of the surface cure or set a materi al
on the tooth surface restoring the tooth to form and _
funct i offlGudb showsigraphillustsating Pi&ard M r&sppnses of spatial

rotocols throu ul se-wavef or.m er
P 8:A% Bofons iR i EreiRTa iR iR PRl A ol RGlency, sHz.
delTheesxcitatioh bercets asdT Bivi, 3808VIisefflcortittdrgassi d
interventional alterations in the condition of the

toot h by l@edsbows araphs Hiugtrating BAR and/bdhresponsae of spatial
togphy, %chfs%ctﬁer\}gkr;?eg%ﬂ% i Q:ea%oe 1ioh Y is created by a

i nfeérvention sur ace to denons
denhermna1all|zatiomrem|nenalizaborasdlutlem(zamM paﬁalseimmbhesphate

P 50 B R AR e car

ad\éﬁl&r@@ﬁ(@l&lgsowﬁnqruohas (FyV&Y bs&ssm Iq drokRe (m\-cp for

by reference to | ow ng detai [ ed desc |pt|o

dr Halanging Bﬁmﬁtamm |a1f|>©d faqueRey BN NU® @keitation source is a
ggg%sﬁ@ﬁ%g%ﬁpégﬂg%&ﬁ? %13%\% in teeth according to

resen be descri bed by way of

exarrpl e FoB| § shbwéﬁ?mﬁ_d:lmeigmww tisatineéat BeRIBPAUMIPIE samples
drawi ngs .in which: FIG shows a schemati ¢ di agr am of

a w'ﬁhstfeaém%la fimeiptesyalg f@"ﬂ@l haits d 30 dayg @ Bdyz terndat 500
I ny; d photothermal radionetry and frequency domain

[ um neZcence instrunent for teeth defect detection

w t h adf#f¢@. 6 dtustratesad sdegmatis dta‘grénnenfdmmdﬂmld Apparatus

excitati nsour e for i ect.i 0 rfa es. at

ox T BAne e faisto RS Rt diglotemah Aigetry and
FI ﬁeq@énéﬁ@@ﬁmaﬁrﬂl@:rﬁlhéédé?ﬁ:e%stﬂ%éHﬂ%'r Hefé&'tlf)ﬁ‘b? d@ﬂéjcts in teeth
cross sectional pictures at each neasurenent point, F

1, which afpws forfmpeaves egrppacinessand ascessstooorslusal ohe
p' n?efb'?gx Ha?,sé{[c%ﬁl 8I Ilr?glﬂllll @ﬂoétﬂoétnfa%gsrgr Foot surface geometries,

as well as for substantially enhanced infrared emission collection efficiency

using fiber optic light delivery and IR radiation collection instead of the rigid

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, Wwhich 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 1.(7) =2 aainf

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

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

9
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FIG 2b illustrates typical PTR and LUM responses in
the frequencydomain for healthy and carious spots on a

wdduermesot h shown in FIG 2a using 659-nm 5@adA/CA2006/001171

senm conductor | aser excitation; FIG 3a illustrates a

spatl ally scanned |line across the i nt er proxi mal
co plagktbgsty (Rianals) radietion és emitted fram dhdmaihg dapinsto the inverse of

ac MR bb e hLAIA ContibienE B R ngBBriger SRtion: the

f r egnaeapsorbed. poftien ekthis ridistioreieWaeR- prépé‘g@té@ dutof the surface
50M/N seni conductor laser; FIG 4 shows phs

i | of i phetagexsited deethijand Iﬂ&@éﬁgel@,ledmfrgr@dtd%tec@caarrymg
ac‘irﬁ’ﬁﬁnét}% frBﬁ%BEQ)&'eBms artificial carious |esion

I's created
dem ner & $dﬁ|1natmdlagramoathezappamtmbwhbwm dehetaliVat 10 in

PSSI (,e?"%(s’ ”‘;UQ?M I%?QEE Si' (%K%ggw%rqwgr?m@@ M%%SIUbIShI
0 Mmmﬂdiﬂ%é)ﬁmuﬁ\:ﬂbwer QO%WD} SSRith BBOMHH gé gdgahW@L 7032-

for bal ancin at a fixed fr
30021, rrﬁélr@bm ncme?roWQsmW):@ usedzasethe aqwcertetmth PTR and LUM

O SOP R A oo B85 arfai i (& e ontl B B 1% taser 12

ti emdiigitrigzgesdd b§/ Itlwbﬁlltlilﬂlfnﬁcttdvl Féhatas 18t ofthéllodiaih AAplifier 18
at 500 6. illustrates a schematic diagram

of <%an§taméﬁg a*) %ﬁ%%ﬁ"ﬁh GR&§YHD. arodylatina dbe taser eyrent parmonically.
domnaéé}fﬂéyneéonb S RlsBA rdﬁhertagﬂgfé'%ﬁéllé FNoThE R

donai n [um nescence i nstrunent ection ©
defrdtared AT R signal findhe dbothvis cobectediand\fecuseahipatia effsaxis

B P AT TS

asanehfrarad de?éctdrBO isabh iag! Marc@f\ﬁ@aeﬁﬂumnfélm’nae (HgCdTe or
em ssion coll ection efflc:lenc:ﬁ/ usi n ber optic I i ght

deMGBrdetadiar (Rar BA&LE Wordsenlleli? Q4¢§Oéab} oBefare being sent
ot 18 the LB pfticr, BT G6ha g ahlied By BiBumliet 52
. eE:(B&@a.ﬂwdsam R£300) OF ort the sﬂnu‘&alrséalmainebgaﬂenhéhtimmﬂnd

of dul at ed i nfrared camner
DRl Rl Y R aresaaaromindew 3RUEREQad 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 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 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
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The current invention is based on | owfluence
phot ot hermal radi onetric detection and nodul at ed

wd waf/emesience m croscopy, which detects the emCIZCA200€601171

infrared radiation froma heated regi on of the sanple
without thermally altering it. A tenperature
os the luminescenae with megligibleddakage siggak@as 480 dimes less than the

varj.at | ' t,he | em,ssiaons, which is nonitored
usi 'éﬁgﬁﬂldﬁr’l\@p‘ewgéérﬁf ) Otiﬁ@epinperat ure nodul ation
al | ows fTieréfors, thé 74618 \ut-onfitaE B0 id @sed!td Afsure th
di ffusively (or conductively) froma dn?_r&th [, (f =

=p
j #minsscefts trionht teyo%hnm laser. &or meeniwringdbe lated
i finsbenéa) arbidrioak i ARbler £ (¢ 4L mfikF5310) is usea
ad@oth tockkih aohplfiedy 18 Rindrd2rer eatirsictexhtd, andrdontrefled bgMhe

1 d h ! he i f th i cal

o ol TS b IS CAG aok PSP o o s 22 are
exehduHte@Bn LIEGOMHEKE FROSTHIS et 0P allbRBd Uhe telth 22 to be.
radiation is back-proEagat ed out of the surface of the

phéepaed apd remount torthe exactpasitinreafterf eraating artificial
deLees% carrying information fromthose depths. A
schemati'c di agram of the apparatus is shown generally

at 10 i@ hEirgudlelaﬂed(Bﬁmmﬂﬂﬂumb@h#s&ﬁw‘ﬁazr%g%hUémod_ulated into
wavel ength 659 nm (e.g. M tsubi shi ., maxi mum
RE |8ermﬁ|P?‘éﬁe\ﬂnﬁl‘?TBB'@Uﬂ%CPijlneB‘aﬁﬂW pRid7pgdulatesh

- AN R Sl et BB 4 Rl oy o
Coloskentangdfiey and preesssedriotdoenpane ¢he pBottiternsal phase and
BT i b BB b 40 R e  ernce
nDgaimple 88d tBmpafingths WrhRebcidd Phasethny ampﬂﬁjdeasﬁﬁﬁals to
beam 20 is focused on the tooth sanmple 22. The

nolmineseenaer phasecandramplityslel signalamof Raefasente sample to obtain

t Of f ' | oi d
oLk SRR e 185 LA e cerernc
cosample and coaeléaiting rtlaesrgli_d iﬂeteﬁweegwigogéﬂet@ts iﬁ?hé/ﬁj‘eﬁtEﬁclagésue.

i | Luride, I etector (e.q. _
SuRLEHELASiaHS air giscksayy Uniter s tasdrsignt e, 6843 ssued
I : s R ot anal i o _ -
200242209 4 Moo AP AN o8Bl W eney
si rafetengeous neasurenent of PTR and LUM signals, a

ger mani J'llpnevéliprﬁcajf"avi'ul;,‘)' I6n kfgupé qcpergviggts\g%egpt(t)rl%%c gllrr1iécgt;glocljeosiiglr{fl IWhich
allows 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 typical
diagnostic and detection ability of PTR and LUM. The tooth had a
DIAGNOdent reading of maximum 10 and average visual inspection ranking
of 2.2 indicating that a clinician would need to watch or monitor the fissures.
There was no indication on the radiographs of any caries being present.
Nevertheless, PTR and LUM signals, including all information from the
amplitude and phase responses over the entire frequency scan (1 Hz ~ 1

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

11
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mrrors 26 so that wavel engths up to 1.85 nm (Ge
bandgap) woul d be refl ected and absorbed, while

wa b7/eesd radi ation with | onger wavel engt hs WRATICA®06/001171

transmtted. The reflected | um nescence is focused
onto a photodetector 38 of spectral bandw dth 300 nm ~
1. Histotogieabobsérvatior redlits BRo@@yl .that thig ispimdeet ptheccase for these

glass filter 40 (e,g. O 51345, cut-on wavel engt h:
711qu1m|ntssa|§|vg@bésfqmqrgrﬁe -of the photodetector 38 for

l'um nesvp@@ %@n"aﬁé RLRRssLAS B shbtheliffilifdedallissure geometry,

scattere tooth or root surface or
i na:mglprocﬁxmermOmrmnf thet figsure ac the difection aofdbe fissare base may have

o B RrAGL HE AT AN e BIR s r

| ' FRAlirat2bR addve the m!éalthy) baharadithe PR hagghssooéhows clear
| um nescence at ca. 673 and 700nm [ R Hi bst

Kode@arturgémre he beam b@W ngthmg'arfreeaen@é rangs. SThFSaffase

S 500 5L S8 PR o0 g i

i Sg@rpéd ImhoﬁgIflssuu'etth/aeflﬂumimatéchbyethesmmdeet (2888 beain in such a
and cutting onthe | um esce wth negligible | ea e

o1 yAgth qtctag CR0GUS FoQEn PReSd A IS HagE favety PucasedRd s much
S'ﬁ@! ]tﬁ?%ﬂb&ﬂ?’éce amehefiayés. the 715-nmcut-on

|s used to neasure the | unm nescence for onl¥
t he 659Lmtrespaeee thephasewf the PAR sigealfor b andtigure 2b, falls

I t I Ijf

o RRreBedEEeT Bab Bl FabBnBER A axferf Kding i inermal
ar giffusionaeh§th Which anestiorobes tiesihbxithy Searaengul-EyebWith the
via RS-232 or other equivalent ports. A pair of teeth

22calicuseiifAclayar aEapastureations thﬂﬁ'&n%etAUygmf'le@MéaC'es
t hﬁoivg%lh tHef &éh%r@ Eherrid éiﬁt.%‘ijor?% tgilfl@éjﬂfo%ﬂg Uithth {H%%]anous

exact positi ter cr Ing ar I Cla sl ons
noduﬂfatteetéyeﬁ'awam a b dtyithe Pd'ﬂ%plaase eltmengehaheldud theduealthy

i nt o phot ot her ha e an [ onent S, d
saban&age}/%péd b r%%sﬁ ahows FRtsdicand F3.

PhEsBrirdpled R fré c%l'cifrb@ rtdYe ﬁrohPEHé Héhlﬂwmdnfd' &in Bddsed to

processed to conpare the phot ot hermal phasé and
anpsiimatéethel thickhess of thectaridusravafacpayss. aRdRaansd LUbeurves of

i ﬁlnahealm it ssru?é E4H1& Yocated within the healthy band confirming the
histological observations.

In order to assess PTR and LUM as caries detection and diagnostic
techniques 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 results of the frequency scans with carious
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sanpl e and conparing the |unm nescence phase and
anplitude signals to | um nescence phase and anplitude

waostognenog34of a reference sanple to obtain diffa@EnCce®06/001171

i f any, between the portion of the dental tissue and
the reference sanple and correlating these differences
Wi andd@raaby:tod)th sampleenirathet ¢asevef. théllFﬂthemmi&ldé ltise ahape of

d
0 0 S5 62 o'y 51 it e
hefr@hﬂldvﬁfréé@er&ﬁl (1r B VtolPigh ﬁteqneﬁ@fm oﬁws:!p Wlét&h‘he'aﬂhy spots
%ure 1 prow des an optonechani cal desig

demineslizeg m%&aceaen@r@s{ ﬁarﬁ%dewtmarmsé@xhiblt larger

r%ﬁh* R R e sl ot bl SARe iyl Bhos LA,
| apmndtmcetl&:ulmmufe) wdb@r“d!eee’bét dertsthl lBquUENGUrhges Trotve

ndj bul ar second prenolar illustrating the typical
di %?6@?’?1@ %{ﬂ detection ability of PTR and LUM The

tooth hagea ik pEISERRED é?&%ﬁ%é&ﬁth gs?BF'on a linear

aver age vi sual |nspect|on r anki ng
t héphaseglileg reﬂuamul plohiscalmost hmarraanossralhfrequemmes (1 Hz~ 1
ication on t diora hs

or RER! SR s SEtS BBk OBa i it Ssfarge

Sl gropks, crogsingdha healthy bRa&s raidenat ihfc?Meditte %'ubhéi@@ There
and phase responses over the entire frequency scan (1

Hz is-na ditiezgnce indhedd8d amplitude shape hetweaspbealthyanthearious /
rgggﬁ( ferf ﬁ%év\cggpt%tﬁt Q'h%eélﬂsdp:ésﬁ'tﬁé %ﬁ#&ﬁg@&gg résv %ﬂpscf&ent

t hﬁseughmtpdém’easmgsframlldn?]/ats hfgr::ffrequ%elmmé's 1. 'hl'he

signal s |ssreFlso the influence that

fi g sur eTB@ngY'ﬂlmp Kvdg SUWﬁS\?Iﬂ'éd‘?mHﬁﬁa'@Edt%R?W iig ahpue the

th Yy

geﬁggl‘gpfg%hchv&f thee éfréﬁ m&g?nﬁgfa@mdﬁhghg}f_&M %\lrag? shows slight
of dmfe:[encresmegtweenmaltby [ONtS ande:aheas phinthdndemedal barious or

panae i R EiaREDV BRGRe 1465, lopll shedSbavathe

i | hesithyaineanttheudepuhthe mehsareatfrddqueey rhhges H@fanﬁV Epots may

In the case of the slanted, curved carious fissure

wa8Xiibit shoht-desiptians; byt piyiatdie highdesquengiend G 0 Hz)
way t haEsde‘ﬁsﬁlﬁg tﬁgﬁg‘éﬁgﬂﬂeé B PFR Anidlitius 4hd Fh&se, and LUM

| ayer, succeede
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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thi cker heal thy subsurface enanel layer. In response,
t he phase of the PTR signal for F 1, in Figure 2b,

wd zot/e0984t hi n t he heal thy band at | ow frequendi@EzCAx06/001171

expected fromthe long thermal diffusion | ength which
nostly probes the healthy enanel sub-layer wth the
caﬂummrsgﬁomwa ngretalized sofbat thelassignedtnunoberssin @aah group

o PR LB HEORAE B 0P R Tt i bbbt BECAR o caries. Then
s u rtlﬁeae:aand>my£12ed miymisers averresadded driteusERoPdRAGateTRE %‘i—‘@oed
bel ow th |t hy b:i\nd abov 50 Hz andrpé( oins the

ph&RES- of ' 5P Gilie Bpbeac pezstramentppi wag refasded which
t hﬂwd‘lu@éﬁi&!ﬂﬁﬁ/a:@‘bl@'ﬁﬁéﬁnﬁéﬁcﬁ} o tﬂ@*fFe’Eﬁjfeh‘ég %rf%%ﬂgmé‘ﬂwresholds

be used to estimate the thickness ©
supf Q@@nlddyewer@déteammeldm trial mad enfortth eotnpdy Wit the histological
f|s§ure ﬁ4 are | ocated vvltpln t he heal t hy band

PPPIYE an?ﬁéqﬁs bP2EPEAP ®bservations. In order to

assess FHB r@@dlté—th@Sstéﬁéticﬁﬁaﬁ’&§'§§ta'ré’ Biv&Rtn A0 QSU's,fhg the
t echni ques and co(rhr,pare t hem (conbi ned "and separately)

t ocembéfie%w@@ﬂtqf rat apd 484, thedrighest sensibivitign @nd specificities,

L A T
t hexdmagaimtmethMBFMe oflsiek of PTR-BRR @rﬂ_cUMtLdMIﬁ bgttaaaabs

1 2 n oi nts
onPn3ies afs Phfees: 082ma §BBwhlls spastabes arnieiely
ot ARjhef XsutWaahi (P12 BRHITPSS - 1A Ph&H Ry SimBACR. &%Wﬁé?%sual

only used the correspondi ng nmeasur enent poi nts
cr nspection f%ﬁ:bl"éddﬁ ipoer sansitivities b6 iah §.tand @36iad D) and

*nEefisll{Fich 8P gheies LERoR BRI InfoRade) redatasiiaiso

| i eid@lﬂltedl pb"@bb@néﬂtMﬁé@(OJEQ@t DLlpeie0. 8ba 85) 8hé $ﬁgﬂ3§pecmcmes
wer e establjished fromthe experinental results of

fr €408 P2b89at sk th,%nppamtam (Héhlwmpewﬁnqe maﬂrmdes

f R
(B0 R PRI 550 0B, SR8 Hipegpries
pI oere §.748 atddi ahd 086 af IDgzrrFfmwﬁab@BetrKrLode H:e Hb}ed thowever,

(it AP Bl Plesdt ot al Fae SruiPedt spoiaaas weed for obtaining
CafHeeﬁéu@MHcpﬂaledg}iéﬁﬁiE: stantict %b&}@a 1898 hhlYchsiels

over the entire frequency range and
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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pronounced curvature with a "knee" at certain
frequency ranges on the logarithmc plot. The PTR

wphaze9siiape for the healthy m neralized spot RIT/@A2006/001171

i near (phase) - log (frequency) plot is alnost |inear
across all frequencies ( 1 Hz 1 kHz), while carious
sp6&ostaskEPel as shewe witharsews it Figwwefdae dheseisampiesiwere

SR AR A ST RO e win n

t hartifldidl aapies tageéat.shape bet ween heal thy and carious /

dem neral i zed spots, The shape, of the anplitude curves

i s cons?’é?@fﬂr t?ﬁ?@d@%ﬂ&?ng@%ﬂ belaspuild bmdeterted byi IR and/or
fr i i r , .

Qe A VF R P EHORIP I WES RS 16 Rek@lngles with pproximately
t hé% ermideptti or dhe aidesadbgth tektle at thd pirdaet lebatiom. :s sHwn in

' PG e SRE R bt MeBRar oo dRe 6T I Stata 6 it coura
LUWepiigible dragfe %iragithhye SPTRt0@ 12DRMVAGHAS A€ 8hbWY i TRure 3b.

thro‘lghout, the neasured frequency range. Heal thy spot's
nay 1&amplitudss; ayaiclepsly; highenaftersbe seaugntial drilingrofdieles, to the

fregu : abli shi | e | ues

f oA 1o BRENiGHT of e Bbtack bR ol 322500k PR PP Fowea
phagecliargesatiarobed treaholey at oB5@ng ted. IaLthE R phase, some
poi nts, on the tooth sa@;s all owed us to exam ne the

be AGMRLFNYIIGTAFP RPPEBEIIAER RS AERITeRdtie drifed holes,
i nplyeem SHd 2I5SAMR. MRORFItMeQred Bt FhiEREERICRE might have been

varying enanel thickness 1'n the fissure. A series
me&reaied dus taddllingantbeausedsam signal olsandesequency

cach t od TR PR EERTE: AB0 SRR B poR RS dnsl b mpituce
eaahd [phabedid Abhshdw crean différBiicss@undIHe hafed Fe@use the LUM
Usi ng these features, characteristic

t
eqlfR3sGTEaliep SUFaRR PREBAMENSMH While fbﬁd%ﬁg%ﬁ%%rgep sub-surface
[} TR fatich, L8 A5l dahd Bnatd SRofbd st d&trHad at al scans
f r possiblyybevaase L& lis senyrsaEns{tveRo dndhiditpchamdes. ude and

phase) s,exam ned af 3 or 4 frequencjes whether it =

ot at oB ISR 58] VA5 tisaion P AGIOTERaaIHetoRT@BInesplizaton

Posdusoh 22 mM Potassium Phosphate, monobasic (KH,PO4), 50 mM Acetic
acid (NaOAc), 2.2 mM of 1M Calcium Chloride (CaCl,), 0.5 ppm Fluoride (F"),
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 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 5a and 5b at 5 Hz and 500 Hz,

respectively, increased with treatment time while the LUM signals slightly
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deviated fromthis band was counted. After calculating
all these val ues, eachnunber group was normalized so

wa vat/owmbks assi gned nunbers in each group had aCaaCAX®06/001171

between 0 for intact teeth and 1 for the worst case of

caries. Then these normalized nunbers were added and
us dgcteasedarengistephwith tisnds ir Figure 4 The phserved LA amplitude
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S ol Bkt R BMiie- B e sl CBFREAD dptgrtor 84, and a
sp@hﬁé@tﬁrb%n&roner Qﬂf&{th@%e@ecﬁérm Jﬁ@s)a’s' @ten} control and

conti nuous (dc) |um nescence neth
sheigaal aralysisiupiti86d hig detestpr 84 mrwt@thzasstate -DBthe-art in
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s meblectorbettier dbtettorsrthaseodbetusshslude s weesliry-@admium-zinc-
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LUM In a nt neasur ene
perfdiunmdgalliimiAnskeaidei (nGafskdetestori ber - opti ¢

[ wh M. and. PT asyrenents use
it oot RetsriBaas B achued Vs O e Gedof it gk 88 ong ef the
Vetio §ellbnllc§tﬁﬁubtbr\r@éér§b9@ahﬂ cglzctaﬂmﬂng;n@m@wﬂm Mivelength of 670
[imtations. This wll roved é}rlntro uci ng

f | BEY (BghtMaXimuLm pewer |598dnv\h Rhqjenies Progugisy and3830-nm
sc aéé?%%ﬁ&&? (@ gS HRfurSsier o MW EOBERY PRiSTORNL Ssed as the

PTR/LUM sources coupled by an optical coupler 94 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 multi-
channel fiber-optic coupler design (e.g. OZ Optics) which is optically coupled
to the hand held optical head 82 at the other end thereof.

The optical fiber bundle 100 terminates in an optical end section 144
which is a hand held piece mounted to a micro-positioner 140 comprised of a
3-axis translation stage and a rotation stage to hold the fiber-optic end section
144 so that one can control the position of the sample precisely with

resolution better than 5 um. This precise positioning device is for only
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mechani cal hol e detection. The sanples were stored in
sal ine solution and renoved fromthe container just

whmhoem23dhe experiments, rinsed thoroughly w tHCT/@42006/001171

water for nore than 20 seconds, and then left in air
for 20 minutes to be dried properly. After the _
ex palyarateny expeﬁeset&fanﬁmrﬂer@d fmnehmaaleagphpahmeobnly]the hand

LR PeEk 4% s (REY Bk rtlieh FimbVes TR PRBd rieee 144 around a

ri ghspieRieIsothia d pAtRIMS axbaml. cont act Spot as shown
wWth arrows in Fi gure 3a. These sanpl es were scanned

and radiJgeapeE e C%M”@@fﬁn@f‘am@fdaﬁgr lines and powers
Lo Gl B i RS AbAIohL C BooB SRR ind BB i
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hol es vvlth approxi mately % nm depth on the sides of
bo@fF4BMU® at the contact |ocation. As shown in Fi gure

3b the 'ﬂhéfdsescbﬂﬂloh%@r IY%E selﬁgilé%rattt\hé%lﬁé}éht Wﬁvél@ﬁgths is

ight side, so it could le on the X-ra
PTRdMﬂ@taQQMJ% |Irgﬂwe§ tafacildateihei lntemr@mt@rmf daPGrFél'he two-

ar e kel Shircee F8piseL dEterchfonl el Herite eqproties

coblaké tqtal extirgtion c%eiﬁcibﬁﬂasﬁ’aﬁatémﬁm eabRvweelirgth, a function
changes round the holes at 1.5~2.5mm__too. I'n the
PTRf ﬁwa%t'c aReCDtigRANdIRAHERS S%%'W@anb@f enamel (or other

I egeRtkl tl§¥@é’) fSMHléﬁB 156 i ﬁ rQ‘i’kﬁEy thBfhoc m ; ide the pulp

2.5~4 I' s hypot hesi ze m~cr o- crac
h a@bahﬁ‘@en ottﬁh gcadiatedthy al |450+mwg6ﬁ®rdmm lasee dhswéd temperature

beHBFEe: THo G- HBIPE GHE- e B A e SAmEsagfe for linical
cl e8é ahidiViif N easséhathdo tﬁ@pﬁl@'t%&ué%ﬁ%ﬁ;&ﬁ wHﬂéMé@mg
essentially a surface phenonenon while

dePreeptableR PRSignaldo Maise raﬂpgr(n&nwh LUM an‘pl i tude

and phagg

o o b YepE IR oBbh e 858RBTIy s tpes o
chémsge slioddsdidver shoavmptrat SIIR with the 8304t Rpufce exhnblts higher
dem neral |éat| on-rem neralization solution (2.2

PoPRIWAI IR PHED REEWO-SHERGD SaTIes harPBrP-Nm soufea S piice of

Sl 14T RNIEEL L 81G00, 850 Kp . on

f ointiysiven Nangcentacting hreqrencgDormiguReotdthermal 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 to an enamel-etching agent, the shorter wavelength
source offers higher PTR signal contrast due to the shorter optical extinction
depth (a few micrometers). The detection and monitoring of these erosion
type lesions is another application of this technology. The diode laser driver
104 (e.g. Coherent 6060, Figure 1) is used to harmonically modulate the

semiconductor laser current (and thus the power output) at a range of 1Hz to
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shows both PTR anplitude and phase showed clearly
nmonot oni ¢ i ncreases after each treatnment while LUM was

womar/hop2iansensitive but for the slight rigid sHT€A2006/001171

(decrease) of the curves across the scanned region
believed to be due to humdity changes. Another 7
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maf0aof he:ka WéV?'&BQ&'Sf ?fd%$erdpw eml"'%%fiff%ﬁ% dis 8K &R 5 optical
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del Ukesighal fyoml thprtooths’lszm\glllub& coligicter bwm sampalediverycoptical
| R_em tion nmodul e

| e S ITBOR Y t9vateq Peier s 3D Mg Reli e"d £lpfidtBaioce

gengpaHowbvandt \ﬁlﬁtb%cl!indé?st@@dlthét &hembpmtal tﬁbéﬁs lbegi¢ws fiber 96
state-of-the-art roomtenperatu

necculd)an%ﬁd tmcﬂleﬁttheempaula&%d (\mrn)‘raa%d EEMsignal framdhe
5, V6P 2B RO e fBle” ong or Mok Hod fadi b el 6 A be

deirefided |&4|Ueerbuadml1(m tha f|be:19@coﬂldt teededicated to simply
tion to t

f d tech Lo dd . . . ,
o Gk OB P 58S o e 9
deESGIH‘HeSu%}PEO E&}Hc@ﬂ@m‘é@ﬁ%téd‘ £ UnsiSighals and they could have

mercury-cadm um zi nctel luride (MCZT) "detector, "a Lead
Sepemiimial ¢rtiSoptichllyasupled tordeatadtion 1BAvetheud 3'16( negd for reverse
det eFt O 2N I ndi um Anti noni de (I nSb) detector, and an

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.
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I ndi um Gal I i um Arseni de (I nGaAs) detector. Referring
to the detailed view of the detection nodul e 88, one

wQoofoot/om23am0 sem conductor | asers 90 and 92 emRQT/@42006/001171

light with a wavel ength of 670 nm (e.g. maxi num power
500 nW Phot oni cs Products) and 830-nm respectively
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bundl e 100 which includes in addition to fib
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?h%g‘% {ri %’%{ég%tg Ie%mg%ﬁﬁ ﬁ‘ée@lm dé%cl}ragﬂa(tfon @i H’%Elg%g?gegsgy (shorter

V\hlwavelmgjbl phatohy thmumanbaks ctf?em_l_irmwh ehteé at l@@%%@'673 and
al fij
pur 308 o 5he BTE HaRaLST IngrTb: colletikehay Scenceniaray of six
Whlsiﬂ?eri h?aIﬂer&r&héﬁ‘éQtéﬁlfﬁ&n%@h?ﬂf%%@owlcal fibers 98 and will be

m cr o- posi ti oner 140 conpri sed - ax trans
st gifectasitothe MGLT sietectary84 usingotllipticheptidsutA2 with ino mmivenlng

h foo.
e S5R 18, She OE R PR SO Pand BeRE it beuing
Thuo@t.palememenmhbr CHEMGrers 06 also é@gs.malvmhabw%@ kiown to
g'_(lerl rrenﬁ%jfor research, and for clinical

eseshilad indheyathe hand hel d piece 144 is used by a
C' | ni ci gy Whiog s‘?&nél'?héaﬁﬁ‘@rqleﬂ’t 8?%0#6%%%@%?3/& to test for

suspi ci ous toot a patients

ef fsystemactlcfdrtftmmmrmmatamsthd refflested dounes pawer will be
arent_to those

DR BRI kv raBioging theiter 334 3% B Somaes aotorp astor 132 onto
evlhidHghe &ﬁ'@ﬂlgh?@@lﬂ@r?%elagﬂ @Fo%uQé ' ﬁ@%&hﬁ&h& r‘hBHﬁlated

di scl osure. The use of | aser t sources
d| f¢f!,ﬁr¢éaﬂcamlénum@sq¢@cesa saoand ag@ms qfrthe)solfdawalteolock in

B e E

sour represent di fferent opti cal

penet r anit eacld emddsurement, o P'GR/LQYMth‘éqdéhbﬁﬂanG)ﬂdr%‘bthﬂ
coefficient associated with each wavel ength

f uRePidAtESCARCApRE Rerformacbwiih this "%ﬁ’(ﬂJm%@FuEéQﬂuenCIeS can be
SC@&&&! froth 698iE 'tg egHz 8F h@ﬂéfméns(]ﬂﬁp &R aI RN lengths in

tissue). Studies by the iInventors usPng thernobcoup

i nthejmarlglee1 2uinp- 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
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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chanber of teeth irradiated by a 450-mW 670-nm | aser
showed tenperature increases 1 0C. Such |evels of

wa mapematdure ri se are deenmed safe for clini calPIBeABmnel001171

will not cause harmto the pulp tissue of the tooth
whi | e yi el di ng acceptabl e PTR signal -to-noi se rati 0s
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of afd disalogedirs Mmited @naﬂeesvétbnmo F6,684 340 yisSstiine 24, 2003 to
I nfrared Phot ot hermal Radi onetry and_Mdul ated Laser

LuMandslie gtal whigl) isdacegperated hetegindn s eptitaty py referenge-
th h h
onanel e pieet Shbafls HEldeR G iaizhg 38 phekingfnale
enanmlh&miecéngm@s aag'drthe Immm%henmeammwealgmaissbguatlelng
o PPN AetR Bt SRSl feast e iferent rEgusigs, Tatioing

deﬁﬁﬁhé@&r%darﬁpnuaershgm%t fhiase ews 'diferant iré@@erﬁ(ﬁéé QY taking
i s another application of this technol ogév.q The di ode

| ather differense of@hotethgrmahaserrigmas @t the e egyenaies and

coale = (RIBERESY (MBS ThasE, SRS 3R M gt
t ofrB0éHcies to eancet @ffeptstdfdightiscdrcerntgasity fitctuatibnsaand
software | ock-in anplifier consisting of a PC Board

[ eingtrunpented; freguency depgaAensRl yzer 106 and e.g. N

PCl - 540 r

ot a4 8 b EOBRORAA ks e BRI

i strapsfer ftmbtibnr HpR) duyeshtiaiming frequengiasean datadromithe eeference
| aser at d _as can_be

seSATPIE Wit Kets RSt ot ed T iistRger Bugperties

dr GMg rfreh%nby) réHtfbHséSQﬁd ebnipafing thée boRRMEGTHd SlifaceTagd the

| aser light wil delivered to the dental sanple or

t osnown h@althy |port|on 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 luminescence signals
into luminescence phase and amplitude signals is done using a lock-in
amplifier and the instrumental frequency dependence is the lock-in amplifier
response. The reference sample may 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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exanpl e a dentist using the hand held unit 144 to
illumnate a patients tooth) through placing the end

waoofoor/bm23pt i cal fiber bundle 100 in very cl 0SeCT/CA2006/001171

proximty to the dental sanple or tooth 120 so that
the dental sample is illum nated by one of the two
vvalmlsea)gamis thef distadee afityd emergingdight beam: fremdhe tedtheanface.

tical fiber 96 I at.e d hea
or YBBek58ma Stalin, pEGR B bl el st HiRfe wike i
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ot R 80 FeR sl e R el PR BB e Rryea of

As theesurfacet dfes salmpm:cbfoclawthmsdeﬂame Si phot odi ode 132
may be used, includjng an ?R‘ilg] conduct or -
g er

bas
phot ocePITR#0¢ LM aigas! Ftediina crmbin LRFFWQ%%E%mera
Phey6 M2 FRSF g%efraré@@aﬁ@fa %hEﬁ%s%’GQﬁE%F 5@mn¢ne§@ér&>é and a mid

conversi on Vi ce such as a P hot onul t i p Ier or any
detré[ared camera siiok as dtged T farphototemoal detectionyiwhieh is

Cr RS b 55 R UsEFece 52 6 bR By Bt 4B it e fser

phatigst PEIE-Canetd 170! likel yeshngéras(ilnh ior U&jta])%rc(u&i& alens or

Oriel 51345, cut-on wavel engt h: 715 nm placed in a
u peabinationay lenses torRrojsct aR @nga@p@&ﬁ&@%ﬁt%@@ay dmages are

AL TEPA ST BFIHE. o Belf 30 M TR camera

12@infizpdo e im&ge oelin aldiguldecdmara diqzmmwotl@dlement (plxel) will

Eiﬁgﬁ'ﬁ% ¢ %&tlwﬁ duitoresitatert Budngteso i i Wrgsar anaiigation, the

|| 285 ol s, 8 i 8 ACSina e gl are oot

untrer c@aputeni@owhighiimaquippad avith 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 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.
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phot ol um nescence enmi ssion requires irradiation wth
hi gher energy (shorter wavel ength) photons than the
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e boln FRLARes P gL A BRCAR A 51 G AR Gollbigho saw
t Oreferdrite@antpie 2@, cerdatirngihet differemiced iWithudefeotslie tige Hental

in the range 12 mm- 1 mn[Jeon RJ, Mandelis A,

SaHesHe: Vv, and Abrans SH., "Non-intrusive,
Non- Con[r@&&alﬂgn kS ﬁgi‘rﬁ Wmﬁ%@d EarﬁEFg ?‘75‘%@1‘0ther efmbodlment of

Radi onetry and Lum n scence Profilonmetry o
Catheoinsagingl appaidtus aahocﬁujbt&dm&bteehgtés:amma i174Hprafarably a

ToB s o B b B B A B s

OUimaded bi theltBotPat iSibledRarelEAgthe 46 bberéb@lfdi%dOAn advantage of
dem neral i zation below a thin rem neralized

s up:has tombinationyie thaffit piexiedsis batisir sgntiohefwheredbedasaideam is

BB o o P 0000 S SRR, et ke o
W tHe foptiabl podtauefane erIdet s ppotion. |MudldétddMS|st1¢ﬂréeras may be
precisely with resol ution better

i vsed elogee-agkar L iimasing O3Biob B dhe ISak g FTR imaging.
Atnhfdvantage 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 printout of the areas in question.

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

used in a modulated mode to generate LUM images at some suitable
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nodul ated PTR and LUM emi ssions are then denodul at ed
i nto photot hermal phase and anplitude conponents and

woszotooyedul at ed | um nescence signal sinto | um rrESTeane6/001171

phase and anplitude signals by a | ock-in anplifier and
processed to conpare the photothermal phase and
anﬁequercm/ as gnplamaddnﬁh@mrgm akavepmathea awichonsiriof thie

n of are ere ganpl e and conparing the
ﬁ?ﬁ@k%&%mﬁH C?r?anpl itude signals to

I um nesTROShphparatndedRicidsedchetbipnirbsidefa dery useful method
reference sanple to obtain differences, if any

befakagdresring BpperEantslentalPrakliems syaheasthe.gitetiipn and or
Cfgﬁ{gg.afs,@ SFaRSth %ﬂﬂ‘geQ rlés[%ﬁé IReIsBE bifs ﬁhé fesGRg &ions and

ects 1n the ntal ti'ssue. detal S are
di 'mtdarcps@dmah lelSmrtmletﬁieendeeﬂhaumnh rNomaBy 5644rtdeleoted; bgc-ray
June,.24 ndel i.s . mh'ch i S.incorporat
norficgaphe aods it axamigatiy. e bttt i3 AE8HH & ddtect
CO&BF—W aRshd dRdeifliperdiRedrbothi dtdobhgnd BPhRidiesfBmineralized tooth
npl i tude si gnal s and the | um nescence anplitude

s. gh eat asywelbas defastpalonetthe meamingwf resieaetiansgneiding crowns,
| ?rﬁﬁ\{ ﬁﬁmgéfeft@r?ﬂé .rﬁ{tﬁﬂtﬂéﬁi%h% uh‘?f*e ]E; He”@p‘s‘éiﬁs‘%ﬁ%?e‘?@f?ﬁs

rgnal s at requenci es,

andapathend indpecting baoealapodbn rzht@btﬂ rednthe indtagaent of Figure 7 is
Si gnals at the two frequencies nlﬁ{gkl gg a difference

of CaRakIa&f maerdater daeaig piihe ajfargeditapth by using a
fr Wﬁ%%??nﬁ&eemraqgﬁggﬁé -"Qofo\ VisiBRy éﬁéf&i@ used to monitor

intensity fluctuations trunmental frequency
depbama:en thehsurdaces offthe <b<nqztarsu¢g asl wblte spotgdand other signs of
eratl nﬁ a, basel.ine sij sfer function, H(f),

8'31("%9@ 7 fF @dﬁ'@ﬁ@'zggéﬂc’taas‘t i‘naf:?om the reference

sarml e Whib, tdsation e RiFRlts bf seds oA patient(sitobth usmg the
| um nescence _properties and frequency response,

coRpaanates ehkigprrs b gnder 7a ifdhecipisiandpeten frah@mmple enamel or
phg[% i n@grléélcgﬁ's ﬁ’f Lﬁlﬂi@cﬂcﬂh B)éﬁﬁ%\%ﬁfé& arl 44d Pe°mfﬁferallzat|on

erma ratios um nescenc
anmplodior BJormndclmhaﬁﬁbmihfdeemme[aéizahmi and mer}mhmraﬁztwonedn any of

Bl SR SR a5 B Rlarhblts Bappsion o st
f r ESHSEt‘f‘\)é MRBBGEREa0 tree ti%d ﬁfbt%ﬁ@mgdnagaﬁg {29) Féiﬁove the
emtted photothermal signals in hot ot her mal phase
andeaaysd oudwnmtpottemaéereaaidl)tmpar@dhaég@f@nmn@ gownih 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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into | um nescence phase and anplitude signals is done
using a lock-in anplifier and the instrunental

wd roegemnsly dependence is the | ock-in anplifi erPCT/CA2006/001171
response. The reference sanple nay be a known healthy
portion of a tooth or other dental tissue dependi ng on
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near i nEieathhlcCEaTmfsteusianae rhoviohs tlﬁ@bh@&%e in electrical potential
| um nesceace a nfrared canera suc

15t oPCIRSSIDENE dswa%cﬁ%}equ% s Jeserig @@rretm Fﬁe&aﬁwe and
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| aser driver . Caner a mer a
di gifeemation amulcaasaerSdﬁswmormemoﬁdenmneraflzatmnses to

Composehonnelie: B SPsdiieBe et HerBetyb S b B4 to getect

moduu mmtdramfa:mryecreate%j lebions dnd driatiERERiGR in \htFo aThis can
ﬂl t canera. Each detecti nfq el ement (pixel) wll

%ugeql, tQiast injvitrorte effertsaefi vamions teefuioues, materials or
pr §568EnEEPId GREIPBrosAFIeSioflAelnidigh A HRAHL A Sk

I's an AC signa signal's are se
conpmnma lesihswin oth sudace phdiing tHe @ot eaKatd In addition, PTR

an‘glmlj fL'LﬁVI canlfﬁen Bcheabtsedqo detect changes in these lesions induced by the
y

20

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. (o]

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

7 u N«

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

thereof mean the specified features, steps or components are included. These
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comput er denodul ates the signals which are sent from
canera 170, pixel by pixel, into two conponents;

woaopt/divesse and phase. Then these signals, anplrQudeoasieh1171

phase, are used to create a visible inmage on the
nmoni tor for observation %@éhe clinician. Entire

i meges arediet e bednlemratedioexchidethederegenee pholesfeatures,

l e required by the sanpling theorem (4

ing% g%ﬁo%bﬁ%ﬁ?@%'pe?iod) ang storeann t%e conputes,

eacE i n‘mgeffaegb‘fr@e@bsiwiptioa of the pigferred shdodirheprofdbs .
Lock-in software a ied . tq those i mges yields . .

o VEDTIeR PR op A BeTiag &6 TusERTE- eI RIe Of fiaaveRtion and
SCREEM 1Iit tHEEInQBRHGH Rithemﬁﬁ&nér s.%bauﬁérﬂmnssnﬁmé@n?rsaﬁtended

sent to the conputer 172 show two di mensional |ock-in
i nﬁgaémeascmpaaohtbleunmntmm be defired:by efl of the embodiments

| aser . Parti I f 1 '
maﬂ?%gﬂsiﬂfg‘f"@%'ﬂ tpﬁg&%ﬂ' Iﬁﬁgfain@r%}#\ﬁﬁgrgggh&?eant%o are
denodul ated i nto signals of photothermal phase and
anpl i tude conponents and the images of nodul at ed

| um nescence signals are denodul ated into signals of

| um nescence phase and anplitude signals. The

denodul ated signals are converted into i mages and then
conparing the images of photothermal phase and
anplitude signals to i mages of photothernmal phase and
anplitude signals of a reference sanple and conparing
the i mages of | um nescence phase and anplitude signals
to i mages of | um nescence phase and anplitude signals
of a reference sanple to obtain differences, if any,
bet ween the portion of the dental tissue and said
reference sanple and correlating the differences with
defects in the dental tissue. In addition to using an
infrared canera 170, in another enbodi ment of the

i magi ng apparatus a nodul ated visible light canera 174
(preferably a CCD canera) can al so be used in addition
to the IR canera 170 which allows i nages of the tooth
at visible wavel engths to be recorded. An advantage of
this conbination is that it provides better control of
where the | aser beamis |ocated on the tooth and for
the IR canera shot the clinician wants to take of

25



th

e tooth or

root surface under

i nspec

tion.

visible caneras may be used to do phase-l ocked LUM
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changes on the surfaces of the tooth such as white
spots and ot her signs of dem neralized or

wo maf/moesl | zed tooth surface.
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n tHE/CA2006/001171

results of scans of a patient's tooth using the
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The col our change in |lum nescence is used to detect
and nonitor dem neralization and rem neralization. QF

wa mone2siapabl e of any depth profilonmetric exarGmeaionsi001171
but can nonitor the change in size of the |esion as
|l ong as the tooth surface reference points do not
change in their orientation. Electrical Caries
ReTableadc Sensitivities andespeecifigities, at the waries leyel ofiienamel (D)
acandthe cariestlevehofdentin ¢Ds)Tor vagicius examinmatitss meéthods
inthe literature and requires a dry field for

nmonitoring. It is durrentl ot a OVI de Size of
delpt farh HaGbABhePBda %‘Es'ﬁv'é'algf‘?ﬁj@ 4 s%’%ﬁ?p tYéP@éﬁB% sample (#
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ar t i Visuphinspaetiaus || esi 81 683600t h | sur f 209 /i h80 udi n 52

t he Radibgeaptf ace. I|n ad@®.29 68.36PTR and LUA0Zh85hen be 52

usedDIAGNEdent changes 060 heg6é | esiions 0/7@/cx85by the 131

application of various substances. PTR and LUM can be
used to detect the anobunt and extent of

dem neralization and or rem neralization after the
application of various substances to the tooth or root
surface. PTR can then be conbined with other sensitive
but destructive techniques such as McroCT and TMR to
neasur e | esion changes and provide a visua
representation of the |esions. [0] As used herein, the
ternms "conprises”, "conprising", "including" and
"includes"” are to be construed as being inclusive and
open ended, and not exclusive. Specifically, when used
in this specification including clains, the terns
“conprises", "conprising”, "including" and "incl udes"
and variations thereof nean the specified features,
steps or conponents are included. Theseterns are not
to be interpreted to exclude the presence of other
features, steps or conponents. The foregoing
description of the preferred enbodi nents of the

i nvention has been presented to illustrate the
principles of the invention and
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not tolimt the invention to the particular

enbodinent illustrated. It is intended that the scope
woofootr/bm23anvent i on be defined by all of the emrii/o®00&001171

enconpassed within the followng clains and their

equi val ents. Table 1. Diagnostic criteria for the
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curves of PTR and LUMrable 3. Sensitivities and

spdei f i BnaPearatus ferphaipthesmakrasiorsetry aadenodwiateddnminescence

tho caries ; or .
exdof REpeiontderol fR8llen B iRt oo BrdMED 15 1 an
Iapp_ar at a$ Idfast ]?ph Msﬁrhigh?sd)ume?blgimafﬂaluintg_rtdpdmidw(?Haeshrface of a
uni nescence for inspection ental fissues of a
PaPPEI%Zi?WFBﬁ%%&g%VQIV‘éa;‘ft?eflﬂﬁa Whesein megHitasbaetethermal
b i ot . ,

{§ TadDAM SRl rROoUBRIE] Wfinlkodtics Sandls 8 rEponsively
Phe_m:tte@fmm sal_dcp'cmrm of thesdeniall sJ_rbmle; rmd_ult ?t edf

uni nescence si gnal s, are, responsj vel.y eni rom

sai d poPFFetFE'OBf FRs {%,q??gﬁ(:?@grﬁagigfnltg%fg}gdiuggeqi@gﬁgothermal
f okighelseshd BAidSAbEuRtEd fuftineRbncatfshadot ot her nal

signals and said nodul ated | um nescence signals; a
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b I ' ' . d id h hel
o Dists A Shetagt B i FAR o Bl bt SRR nbSr Bundie
fi irdluding iacftbt dptival fib@hé@n%‘aﬂfr@%imlenﬁﬂﬁ obfic@RdonsAlinication
communi cation with said [i ? t source and a distal end

t eMithreaid Holisasiice and aadintal gng terpeinatesdatisaid hand held probe

. PBREIOL AR B ShE OB ol o) oo
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modul at genielingaheahs frdMEddIatny 848 Phited RbdnaRse

and anplitude conponents and
photothermal signals into photothermal phase and amplitude components and

said modulated luminescence signals 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
sample and comparing said luminescence phase and amplitude signals to
luminescence phase and amplitude signals of a reference sample to obtai
differences, if any, between said portion of said dental tissue and said

reference sample and correlating said differences with defects in said dental

tissue.
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sai d nodul ated | um nescence signals into | um nescence

phase and anplitude signals; and processing neans for
wamopemig sai d phot ot hermal phase and anpl i t UREE/CA2006/001171

signal s to photothermal phase and anplitude signals of

a reference sanpl e and conparing said | um nescence

ph e ardesagnaratuseacsosding 4o claimuhwhersir said gétesiorambans

i MrclodREa B 1teded adlet Gk 825 hVe Tt Pefpiiatod apaciral region for

demfe@écthgw negtliigtad durhﬁfe%béﬁ@@ﬂ%?’ bRnARJ and incuding a
correlating said differences with defects in said

deﬁ@ﬁpn@ infEared sletectprselisititedin s mid-indrated gpectral regiantfor

fir infrared
dete %‘P%é‘ﬁ%. O%thﬁ g%ﬁérm%ﬁrgg%ﬁe@ﬁég\%iﬁ region
for detecting said nodul ated | um nescence (LUM

signal s,_and i nc] udlq?% second infrared detector
sersi t | VO 3PRATAIUS-3 Fﬁ'ﬂ%&o sfgine 2 wheteiy said segond infrared

de
CreREaa g oA LA TEIRe (HEETINGD drigeor o
S aunmerseo/emﬁmmm—ameteﬂemm(MCZB detecctcmf ad _ddelr Seleyiide (PbSe)

um Tel l.uri de T etector, a . i

o AR S S Al finab N rirren i, Aptimanide 4inSb)
Se } nAs)
deFSB‘%i’;‘?f i Ceum A M (AR REeto. "0 an
I ndium Gal I'i um Arseni de (I nGaAs) det ector. 4 . The
appar at ccordi ng t Ia'm2. nsal
ogtai‘ cal lﬁﬁe 1k % gtug %?ggf(f% 9 ﬁlag'g- r(eu? ﬁ?'aaﬂr%to"pt'cal fiber is
speehsitive (regaidmidrieifrafedissstiiaPFedioh bAats 08ed st collecting and
transm tting said nodul ated photothernmal radionetry

si §aRpRtting Saicumediiateqd phetpthermadradiometrysigrae to said first

ap ding to claim4 wherein said first
n?ﬁgﬁégﬁg?%gg{ or is one of a Silicon (Si) photodi ode,

a 6er maitherappaeatupaecording & claim Yngdhersirzeaidifiis mfrared detector
Arseni de él nGaAs phot odi ode, and a Lead Sulfi deé

phit og ghia Sikgo ritadiedgsa Germanivy (Gs) hatadia ezan Indium

3 cd I r

2 G P ABE S B0 B LRI P Srotoode
apparatus according to claim1, 2, 3, 4 or 5 wherein

Sabq at 'I'Ihg%spparatus according to claim 1, 2, 3, 4 or 5 wherein said multi-

mode optical fibers are silver halide multi-mode optical fibers.

7. The apparatus according to claim 1, 2, 3, 4 or 5 wherein said at least
one laser light source is two semiconductor lasers, 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 apparatus according to claim 7 wherein laser light emitted from

said two semiconductor lasers are optically coupled by an optical coupler into
said first optical fiber.
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one | aser light source is two sem conductor |asers, a

first of said two sem conductor |asers emtting |ight
wontopfio@mmavel ength of 670 nm and a second | asT/CA2006/001171

emtting wwth a wavel ength of 830 nm 8. The apparatus

according to claim?7 wherein laser light emtted from

saidd t wd heeappeoatiscdarording ¢o slaime iopiudireg i opeicall fitdr Blaced in

an %p i cal. coupler into ﬁaid first _ogtical fiber.9.

Tdr g Sai Hestictaeter Foy iGoing fases gRcrelarieg ariscattered by the

opigeptdl tikslider placed in front of said first detector

for blocking laser light reflected or scattered by the

dental tissue. 10. The apparatus according to claim 2

wherei n [ r ssing,.neans, is configured to store _
saﬁ@ ' obt@%n%’c&&? echﬁgdégg g% C?i"'ﬁ&c ‘@Ha%??%sﬁ'gi RfPSessiRgieans is
saicanfigired!torsiorelshid dbRimaPaifferéfced&ROsiAYRA S pdihts BB said
of clainms 1 to 10 includi ng beam expansi on and

f o8lgteqtersopti cs 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 inaged. 12.

Thd 1appdhatappanattsraticoglihg taany one oftclaingi1® 10 ireluding beam
11lwher ei.n sai df denodul ati on means is a |lock-in _
anFKPANEIPN ang Toausiag RRKCS fr addisting; B sizeof gaidlgamiof light

de : . , . . i .

fi i}{saaé%ﬁtl esl gndse,rm%lﬁ% gp%rfgiﬁg%lﬁdeéﬁgns, tgﬁgo?%ggﬂ?rf)tgétéssue
| ebegsimagedor root carious |lesions in dental tissue,
conprising the steps of: a) illumnating a portion of

a surface of a dental tissue with at | east one

wavel enghi éﬁpa'rétﬂ@_tac%li‘d?ﬂg o Q?}F‘Qngﬁfglaﬂhgkﬁetoh%é’f@incﬁid

is attached to a distal end of a flexible optical

f i demaguiation, meanslisopidaakah ampiderbundl e i ncl uding a
first optical fiber having a proximal end in optical
communi cation with a light source which emts at said

at 1BeastA engthva Y6l detgtiion andefacdi if ldeint# ﬂi@s&éiﬁ'ﬂlgﬁtﬂh?@rosive
at said hand held probe head for transmtting |ligh

f r lRians, @tanghiisssbe lesions, infepaexienal lesiens: saoath suface fesions

2SS SRR 5L fel AR ol et

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

radiometry signals, wherein upon illumination of said portion of a surface of a
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havi ng distal ends termnated at said hand hel d probe

head and proxi mal ends optically coupled to said
waimhzedn nmeans, a first pre-sel ected nunber RIT/€40006/001171

mul ti-node optical fibers being

near-infrared-transmtting optical fibers for

t r destalitissug withi a leastione wavelangtheafdight quugatad :phbtnthermal

Sa' %lgg‘feﬁﬁé H&'ﬂﬁ%ﬁ%@mo%ggqteg Lﬁﬁ?\%g rﬁq%gglgnglcs aerg rggponswely

m @nhittéd fforal shidamartibh of Bgidairfaealof fthd GEAtA eurface
transm tting said photothermal radionetry signals

V\/ner ei n ) SE qtnngmmsmlw Broduiated phptatbermal signals and said
t | th of
I [ ght %hllgt 3 \gtb%?"?g‘traé ea?adlogsre}l\?yg glngnalg and
rmdul at @?idbmudm@dmgrmd engt’u?d! mc&imad ted;m@mth?ﬁitwal signals into
rom sai tio sai d surface o
coRhafotacieal e dtalapbfiuds SRmeras aas chmadUiating said
h
2 s Tieltange SHhaRnth TRiHba o PP A Bitude
phéignalssamdl si gnal s into photothermal phase and
it d t d
"Uni nes 83 FERMRPGE Relo PHTR eBeed B3 Brirliidk st to

amphbtotblernsal phalse;ananapglituae sigal$ ef é@éi@ré]’ﬂiét SdrhgeBd

phase and anplitude signals to photothermal phase and

anﬁpmmlegsﬁangwf@m@?c%nqed?f@w 3mppludessignals e hmingscence
Rﬂﬁé@?gﬁgﬁ@ §§% Q@ﬁ%ﬁs 5’1‘1‘?r ggalerictgr%n a@éqgﬂb’f’alﬁ Uifferences, if

r e bay chetwvesangdic pbctlomubmfauald dehtattissueeand saidaeference sample and

betmee [ i on of said dent al i ssue and said
BT RLB0 S R reRb S AL R CRy NSRRI IaTY BrSien. wi ¢ h
defects in said dental tissue. 14. The net hod
according to claim13 wherein said step b) of

defléct i Ageimethodeacconding tackimst3 wheérein saiddste b) of detecting
sens e i.n a near:infrared spectr.al ion.for

el iddar it 3 SRl BpBRRBeBhEe  Adiep i ared spectra
angedios forddetectityd Saidansaaard IUﬁﬁlﬁéHc,%ﬂcQﬂ@M)%"gnals and
sensitive in a md-infrared sgpctral regi on’for

detfl;ﬁélld'h@ USEIgR ﬁ@@nncbmérarepmde tesrseasitivadn @rmid-infrared spectral
S OB e, Bt A k| ARt
Cadm um Tel [ uri de (HngTe) (I\/CT) detector, a
15.  The method according to claim 14 wherein said second infrared
detector is one of a Mercury Cadmium Telluride (HgCdTe) (MCT) detector, a
mercury-cadmium-zinc-telluride (MCZT) detector, a Lead Selenide (PbSe)
detector, an Indium Arsenide (InAs) detector, an Indium Antimonide (InSb)
detector, and an Indium Gallium Arsenide (InGaAs) detector.

16.  The method according to claim 14 wherein said first optical fiber is
sensitive in said mid-infrared spectral region and is used for collecting and
transmitting said modulated photothermal radiometry signals to said first
infrared detector.
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mer cury-cadm um zinc-telluride (MCZT) detector, a Lead

Sel eni de (PbSe) detector, an Indium Arsenide (InAs)
walmozewes4, an | ndi um Anti noni de (I nSb) det ect @CT/@adoEon1171

Indium Gal lium Arseni de (I nGaAs) detector. 16. The

rret hod according to claim14 wherein said first

optli‘cal Thegaethod acaesdinpie claimstd whereln isaid firstinfrared detector is

C1 SRerdiia PRALATSA elchiddecn GRETERMIT e PrdPlige, gn ndium

si @wlliumtArsenidd (fiGaAs) pHotediede dane atl@adISulfidd ePps] pestodiode.
according to claim 16 wherein said first infrared

detector is one of a Silicon (Sl) phot odi ode, a

(Gsﬁgzls?*ﬁg(hrﬁt@% %&%lﬁg% cl_%}n kR Jﬁ?ﬁga élggy’%ﬁ@rmn $aid multi-

phonaas optical IlBersTare siwehbalidecowitdimoget aptichbfiers3, 14,
15, 16 or 17 wherein said nmultinode optical fibers are
silver halide multi-node optical fibers. 19. The

nmetigod Jeehditd é&oﬁdlﬁg%kiﬁlmlﬂ% 1145451@6 11770P'181\§1ere|n said at
wherein said at | east one | aser ht source is

se.lﬁetsé@aed@%ﬁr hgaéé@@r,ceasmN%enmo ctprelagers, aflrst of said two

SCUROANLY 35 RO e 8169 o

vva\sebemrgtdsseoénﬁﬁiagrvmh anavEIawgttnthGO aggording to
claim19 wherein laser light emtted fromsaid two

sem conductor |asers are optically coupled by an

0pt2003| T‘F\ YRk fod! 4Hcordind to bidi rﬁHGP\Pﬁér%% Iafse? {;rtlto%ﬂ%ted from said

he metho according to any one clai ns
| ndMlu sen‘gcdnduomn lagersiayh toptinallydesipledh by @indogticat toupler into said

bl ocki ng | aser light reflected or
glfsg i’ﬁ I&{pe[rhe dental tissue. 22. The nethod
accordlng to any one of claims 13 to 2 1 including

adjusting a size of said beamof |ight incident on the
degftal tTihednethodracegrding it gny oseaf clgimsHs ter2Qiingfuding filtering

deﬂgﬁtl yln%lﬁéﬁgﬁn g‘ﬁldnlﬂ's{ q%t%tﬁgjriézb mﬁlﬁﬁ n@és%qghgfegg:gewgr scattered
cobpdhe dgntahtissuwes nor mal i zi ng sai d phot ot her nal

anpl i tude signals and said | um nescence anplitude
signals by ratioing photothermal anplitude signals at

L\ﬁ%élt t Weqhétfh%ﬁedgcofdlﬁ@%aﬁy Bhe df ldifisB 109 PRRIAY Sdjusting
a size of said beam of light incident on the dental tissue for adjusting a size of

the area of dental tissue being imaged.

23.  The method according to any one of claims 13 to 22 wherein said step
of comparing includes normalizing said photothermal amplitude signals and
said luminescence amplitude signals by ratioing photothermal amplitude
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.
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signals at said at |least two different frequencies,

and taking a difference of photothernmal phase signals
waoaroozenoe4at | east two frequencies and taki ng a@CT/CA2006/001171

di fference of | um nescence phase signals at said at

| east two different frequencies to cancel effect

|f i dht sbhe oethed aaserding tq@am?ﬁmrama%tqmﬂfedﬁrapdulatmg
S EiHRE PRRAGR T Fonald udPHERn SRR 4l AnBiie

ph@tlirﬁbbgérli@arﬂl sai@lmnlnegoemdaéd;llgnhlermm lupiieszeane Iphase and
anpl i tude conponents and sa uni nescen nal s
Rl e R O danar oSk AITRIESCABRARETE Stishe
usfn@&uﬁén?é?l?récf bentPbepbRierisWbSE-fi Amphict response.

i nstrunent al equency dependence is | ock-in amplifier
response 25. The method according to any one of

|25 % g Pl RO G, BEhY 8By a8 e 2Bunerein sac sep
fUBFédrﬁPanrh‘&fﬂclud@é obt ai ni ng frequency-scan data from
sal d erence sanple with known radi onetric

dynam cgerepting @ méﬁ@@qﬂi paster dunclien. P‘\(%q*ebéﬁwm'ng
<R A SRR SRR Sl A PR anc

{ adymamief (agh tumhbmemje popeitiesders] fremermsl reSponse; and

um nescence anpl jtudes, and se d rence

phot ot hEPTRRAT ‘Bﬂ§§@sp%‘ﬁﬂnlqa %?EE"&&%EI 5@9‘”& ea‘ft‘my portion of
di LhE5EY tﬁ%%ﬁ&%@%tﬁfs éﬁﬂh&&ﬁéﬁhbﬁémﬁﬂuaést ﬂéﬁos of luminescence

I nStrune requency response. 26. The net hod

gc aoplitudspst gndwlaeaeilffﬁrenc%ﬂ petweent Qh%gthﬁﬁ@abpha% and
1 I
C: %ué %;eg[gqee & ta'ésr;fiiﬁf:%rpme ﬁgﬁggrﬁcﬁ§§ * %a%?éllétl%?w 6’fdtﬁe

roo sur

er fistRmdntaEréfrdmysegporisee tooth surface, early
dem neral i zation on the tooth surface, early

rem neralization of small |esions, caries and or open

maP§| nST‘%QHQﬁ’\oﬁf ﬁl"dnlfdg?(g %g?'bh@'b? sl 16%5%‘&*&1 said

onl ays, conposite fillings
Th elef&_dtél prdentabtistiuedoeing da;eo:beﬂafmﬂnciuae e8riagds tesigh® on enamel,

wherein said reference sa s .a_kno health

PoAENER 201 10t TALeS> oS HILRE REAnS ABqPa i izgg  early

oNQefin&lafzAFontdn tie HOtNBEHSEE ad?fTemineralization of small lesions,
caries and or open margins around dental restorations including crowns,

inlays, onlays, fillings and composite fillings.

27. The method according to any one of claims 13 to 26 wherein said

reference sample is a known healthy portion of a tooth.

28. The method according to any one of claims 13 to 27 wherein upon
detecting a defective portion of a tooth such as cracks and fissures in the
tooth, carious lesions or decayed portions including treatment of said tooth by
any one or combination of the following steps;

(i) remove the decayed or carious tooth material,

(i) prepare the tooth for remedial action,

(iii) alter the surface using a laser,
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detecting a defective portion of a tooth such as

cracks and fissures in the tooth, carious |esions or
waimozyme34por ti ons i ncluding treatnent of sai d RQIBCA20bs/001171

any one or conbination of the follow ng steps; (i)

renove the, decayed or carjous tooth material, (ii)_

prepare t h(é‘%laitS%/ § shrface toaliow theryriake of vanous media teeenhance

surface usi n?eﬁliﬂé’féﬁiatﬂnv) alter the surface to allow

the uptake of various nedia to enhance

rem ner al i Wawpply, a hWgdiampthat willreithien seahihe sufacearipremote

seal the surface or.pronote renineralization of the

|I%éltoné)f§.g

surface (vi) CEMEp ¢ &Hifafe on t he t ooth’
surface regi)eurder s&tea hAbfiallon ﬁnertabﬁhr%ﬁd&%:s.fa?mg the tooth to

using suitable |aser-fluence delivery protocols
t hr ough pul sémaaad dunstiong uaivgrsuitgblef lasemnfleenesedelivery protocols

i i e

i magi ng dent gbntrobsfusptical ragliatiotidelivedy ahd tisrhel enkrgy

radi ometry and | um nescence for inspection of denta
ti ssues of agﬁﬂ?f"g‘W conprising: at |east one

nodul ated | aser |ight source for irradiating a portion
of a surface of a dental tissue with a beam of I|ight

of »an ef ' : i
! 39, I ARPPAEISIE Sl MRy rotonena
| unadiesetyEndiugrinescemce forimppestioredfydentalt tissties 106 & patient,

said portion of the dental surface; imaging detection
me&f p|5'8§'19ti oned with respect to said dental tissue

for det geldaRBohenesful@edIasst IRyMt 5b8-teTBAINRIifthg a portion of a
phot ot her mal = si ginal s and sai d nodul ated | um nescence

si gueiaee ofiaental dissue withembeamrofdighbaliameffagtiveavavelength
Ao m U S S SRl S
antlrsiaiedcenmsEgsignalk aredespiraivdly Birittsd #oeesaid Ppoatich 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 signals;
demodulating means for demodulating said images of emitted
modulated photothermal signals into images of photothermal phase and
amplitude components and said images of 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 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 sample and correlating said
differences with defects in said dental tissue; and

image display for displaying said images.
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into i mages of | um nescence phase and anplitude
signals; and processi ng neans for conparing said
wa wagem2af phot ot her mal phase and anplitude siRfTaCA200€001171
i mages of phot ot hermal phase and anplitude signals of
a reference sanple and conparing said i mages of
| urdOnes ddecappsaratis acedrdingito claim 29 whetein said atdgast arfe

lug ase and amplitude signals of  a . .
PP ERAEAIEE B B0 e Ruget ApSercdiveh; fnd fypluding a function
betgeperateasghatrohized with thailgsaraitivar, dndPwhereéi dariBihthging
reference sanple and correlating said differences wth

defdstedionneans isgeannected tossaid fupriionganeratos gndys triggered by
di o L _ .

cl 2 PR SR raBE R o 1w BERE Rl g ink Bhase
| i ghages are displayleddwsthe dasputeddisplay, ateanchodatdtioni freguency of
funrc]:t' on_generat or synchroni zed with the |aser driver,

and &in said i maging detection neans is connected

to said function generator and is triggered by the
function generator, and wherein two di nensional

anglli t uddeanpasatuseadcerdjeg taclaimi3wvherin saidiimage detection

CORUA Rl 8 el U B S SR oF a

whéurainessanck andaamiteihfratddcaresnsudrsag HyOWliefed pRefthermal
infrared camera such as InGAs for ac | um nescence and

a GEESURPr ared canera such as HgCdTe for phot ot her mal
detection. 32. The apparatus according to claim 30
wherein said near infrared canera is a | nGaAs canera,
an@2sai dheiappanatusrasdording taciagn S0HylBeE:n saidarear irfRared

Th - at di t | ai 9. 30, 31 3
P RRTas BAIRRAR SaaTd 2o SR UBE B eaToErd e HgCdTe
adjcHRidrag a size of said beamof light incident on the

dental tissue for adjusting a size of the area of
dental tissue being imged. 34. The apparatus

acear di t ' ‘ ingl.udi

cansra e oEradlordi 19epimi29. 30, 310k 32l ARp beam

waegpamgjbhandrfoausing iopties 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.

34.  The apparatus according to claim 29, 30, 31, 32 or 33 including a
camera for recording images of the dental tissue at wavelengths in a visible

portion of the spectrum.
35.  The apparatus according to claim 34 wherein said camera is a CCD
(charge coupled device) camera sensitive in the visible portion of the

spectrum.

36. The apparatus according to any one of claims 29 to 35 wherein said
demodulation means is a lock-in amplifier.
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portion of the spectrum 35. The apparatus according

to claim 34 wherein said canera is a CCD (charge
wamopbme4devi ce) canera sensitive in the visi BGE/CA2006/001171

portion of the spectrum 36. The apparatus according

to_any one of clains 29 to 35 wherein said )
deriddul afiBethed{asinmaging deatal tigsugfaridetestionrof defeetsfimthe

f oryel i tral b t ' of defects in

t nGe I Hsple OF8\cRticht, ToMiprishla (8 86bL BE, 0y The st ops

of : a) ia)lilluminatinghg peortian bf asudhcea of ardental tisbua withrd Beam of

ti i th b f light, of. f [ | th
wnSBbF o 4 SPeE R ieretorbeein Betiulates PEOIHGRENA regigmetri
nogignalLand widdigsteaNGRirfdseBats s@"nglsr &%ﬁ%gﬁb?@bé{ly eg)ﬂtted from

emtted fromsaid portion of the dental surface;
desais pergon ph e dentat sudacsii t t ed nodul at ed

h h i I ' ' :
oo 1% BBt e 138 SR B G B GG SP ot
no dént saéd muidodaded duminlessegeeasignalst o | mages of

hot ot h | phas: d it t d
phot o et Tl RS o0t Bl e SorpOTSTL e P
si gRats infd %ég@&@%ﬂmi%ﬁ?ﬁﬁ%%@ ?frrg)glg@bg?omponents and

anpl’i tude signals; conparing sal
pheeataskitating ssid yvages obmedutateld lumigeatenaessignalgdstodmages of

ph e bl jtude signals of a
re%ﬁ@%géé@aeﬁ ea%@&]gﬂﬁg@‘hﬁg%@u i mages of
| um nesdgBompaiing sakhitn#gay oft phiothictnal shdse anRarplifide
| um nescence phase and anplitude signals of a

r eFONGICI® ITagesof pholptbaimalphaseranstamplitudeignals of a reference
; E?ﬁﬁﬁ% SAd %Hﬂfatrlgggsa‘?é .rﬁgq,ég Sﬁnﬁﬁﬁe§d¢e§§§ gmaeg andl éjmngﬁude

e sanple correfating sali erences
defignais forinsages afdumalestescriphasmdnad anplisydeagigngls of a

i mges representative of defects, if a of the . .
deFBreroE AT B SRl RSI TP GrS, if . b3t sabkartien of said
acgentl igsieand b Rferehes ehmplahAd TofRIdling said differences with
illumnating a portion of a surface of a dental tissue

wi fafegts by said deptal ligsee anst h i ncl udes

e) displaying images representative of defects, if any, of the dental
tissue on a computer display.

38.  The method according to claim 37 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 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.
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illumnating said portion of the dental tissue with at

| east one nodul ated | aser light source having a | aser
waloover234and i ncl uding a function generator  PCT/CA2006/001171

synchroni zed with the | aser driver, and wherein said

step of detecti I mages includes using an inmagi ng

card® a c&ﬂi@@t@ﬂg@@% ing to whaimi %&W@emn saigt mvaigm@ camera is a

t

A Ty e e LR e S
on rhidenfrargiudaned sythays HyCaTerdr phsdtotieriizt degitgipnOf

the laser.39. The nethod according to claim 38 wherein

said imaging canera is a conbi ned near infrared canera

sugly. as THaGRBthdCacAfdintth *n
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infrared canera is a HJCdTe camera. 4 1. The apparatus
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ti ssue at wavel engths in a visible portion of the
SPQSt r Uhe method according to claim 37, 38, 39, 40, 41 or 42 wherein said

dental tissue being imaged is an entire tooth.
44.  The method according to claim 37, 38, 39, 40, 41, 42 or 43 including

recording images of the dental tissue at wavelengths in a visible portion of the

spectrum.
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