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which light energy is converted t.o acoustic energy to measure a person's blood glucose. Pulses

of light at a wavelength for which light is absorbed by glucose is directed by the glucometer

to illuminate a part of the person's body, such as a fingertip, comprising soft tissue. The light

pulses are typically focused to a relatively small focal region inside the body part and light

25  from the light pulses is absorbed by glucose and converted to kinetic energy in a region of

tissue in the neighborhood of the focal region. The kinetic energy causes temperature and

pressure of the absorbing tissue region to increase and generates acoustic waves, hereinafter

referred to as "photoacoustic waves", that radiate out from the absorbing tissue region. An

acoustic sensor comprised in the glucometer contacts the body part and senses the

30 photoacoustic waves. Intensity of the waves is a function of the concentration of glucose in

the absorbing tissue region and their intensity as measured by the sensor is used to assay the

glucose.
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An aspect of some embodiments of the present invention relates to providing a

glucometer that locates at least one blood vessel in a person's body using ultrasound. The
25  glucometer determines the person's glucose level by assaying glucose present substantially
only in blood in the located at least one blood vessel.

In embodiments of the present invention, the glucometer comprises at least one
ultrasound transducer that radiates ultrasound into the person's body and at least one
ultrasound sensor that receives energy from the radiated ultrasound that is reflected or

30 transmitted by features in the body. The glucometer locates the at least one blood vessel from
the reflected/transmitted energy using methods known in the art. In some embodiments of the
]éresent invention, the glucometer comprises at least one light source that illuminates a region

of tissue in which the at least one blood vessel is located with at least one pulse of light at a
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According to an aspect of some embodiments of the present invention, the glucometer
measures concentration of glucose in the bolus by reflecting ultrasound waves from the bolus.
Energy absorbed by the blood bolus from the at least one light pulse generates changes
25  of temperature and pressure in the bolus that change the acoustic impedance of the bolus. The
change in the acoustic impedance changes the acoustic reflectivity of the bolus. The
glucometer transmits ultrasound waves into the person's body that are incident on the bolus.
Reflections of acoustic energy from the incident nltrasound waves by the bolus are sensed to
determine the change in reflectivity. The measured change in reflectivity is used to assay
30  glucose in the bolus.
According to an aspect of some embodiments of the present invention the glucometer

reflects ultrasound waves from the bolus at times during which a photoacoustic wave is being

generated by the bolus to measure a change in the bolus from which to determine glucose
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the bol Q768 speed of sound in the bolus is determined from a transit time of the acoustic energy

pulse through the bolus over a path length many times a characteristic dimension of the bolus.

Accuracy of a determination of the speed of sound generally increases as the path length over

which the transit time is measured increases. A speed of sound in blood determined from a

25  pulse of ulirasonic energy that traverses the bolus a plurality of times is therefore relatively

more accurate than a speed of sound determined from a pulse of ultrasound energy tﬁat
traverses the bolus once.

In should be noted that passing an ultrasound pulse through a blood bolus a plurality

of times, in accordance with an embodiment of the present invention, can also be used to

30  provide accurate measurements of other changes in the blood bolus caused by absorption of

energy from the at least one light pulse. For example, "multipass measurements" can be used

to acquire accurate measurements of changes in the absorption coefficient in blood for

ultrasound.
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bolus and tissue on either side of the bolus increases.

In accordance with some embodiments of the present invention a Doppler shift of

ultrasound transmitted tirough the bolus is measured to assay glucose in the bolus.
In such embodiments the glucometer transmits ultrasound through the bolus while the
25  Dbolus is exposed to the at least one light pulse. During exposure, as glucose in the bolus
absorbs energy from the at least one light pulse, temperature of the bolus rises and speed of
sound in the bolus changes. As a result, frequency of ultrasound exiting the bolus is Doppler
shifted with respect to the frequency of ultrasound incident on the bolus. The magnitude of the
Doppler shift can be shown to be equal to f(D/C2)(dC/dt) where f is the frequency of the
30 incident ultrasound, D is the path length of the ultrasound through the bolus, C is the speed of
sound in the bolus and t is time. The expression for the Doppler shift assumes that the speed
of sound is constant along the path length through the bolus. The derivative, dC/dt, is

proportional to the time rate of absorption of energy from the at least one light pulse. The time
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assayed, in accordance with an enbodi nrent of the present invention, b)é
proper "IPifferengpagfcular substances in the bolus whose concentrations are to be estimated can be

assayed, in accordance with an embodiment of the present invention, by proper “tuning” of

frequencies used to illuminate the blood bolus. Furthermore, the present invention is not

25  limited to assaying blood components. Some embodiments of the present invention can be

used to assay components of other tissues and features of the body, such as for example,

components of interstitial fluid, blood clots or plaque in blood vessels that are located using
ultrasound.

Whereas only light has been described as being used to introduce energy to a blood

30  bolus, other forms of electromagnetic radiation, such as microwave or RF radiation, may be

used to impart energy to components being assayed in a tissue volume, in accordance with an

embodiment of the present invention. Some embodiments of the present invention are used to

provide a spatial map of concentration of a substance in a region of the body. In some
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deposits on walls of blood vessels in the region can be acquired.

There is therefore provided, in accordance with an embodiment of the present

25  invention, A method for assaying a component of a localized region of interest in a body
comprising: a) illuminating the region with at least one pulse of radiation having a wavelength

at which the radiation is absorbed by the component to generate a change in an acoustic
property of the region; b) transmitting ultrasound so that it is incident on the region; c)
measuring at least one effect of the change on the incident ultrasound; d) using the measured

30  at least one effect to determine an absorption coefficient for the radiation in the region; and e)
using the determined absorption coefficient to determine concentration of the component in

the region.
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In some embodiments of the present invention, an effect of the at least one effect

comprises a change in speed of sound in the region.
Optionally measuring the change in speed of sound comprises: transmitting an
ultrasound wave from a first transducer towards a second transducer so that the ultrasound
25  wave traverses the region; illuminating the region while the ultrasound wave is present in the
region; determining a first transit time from the first to the second transducer of a first portion
of the ultrasound wave, which first portion is present at a first location in the region while the -
region is illuminated; determining a second transit time from the first to the second transducer
of a second portion of the ultrasound wave which second portion is present at a second
30 location in the region at a time at which the first portion is located at the first location; and
using the difference in the fransit times to determine a change in the speed of sound through

the region at a location in the region between the first and second locations.
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In some embodiments of the present invention, the region is sandwiched between two

acoustic interfaces at which ultrasound is partially reflected and measuring the change in

25  speed of sound comprises: transmitting ultrasound which is incident on the region prior to
illumination of the region with the at least one radiation pulse; determining a first frequency

for which transmission of the ultrasound through the region is a maximum or a minimum;
transmitting ultrasound which is incident on the region after illumination of the region with

A the at least one radiation pulse; determining a second frequency for which transmission of
30  ultrasound through the region is a maximum or a minimum and for which the wavelength of
propagation of ultrasound in the region for the first and second frequencies is substantially the
same; using a difference between the first and second frequencies to determine the change in

the speed of sound in the region.
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| i ght pul se has a pulse width substantially . L
present at a second location in the region at a time“at which the first portion is located at the

first location; and using a difference in the first and second frequency shifts to determine a
frequency shift that occurs in the ultrasound at a location in the region between the first and
25  second locations.
In some embodiments of the present invention, an effect of the at least one effect
comprises a change in absorption of ultrasound along a path length in the region.
Optionally the region is sandwiched between two acoustic interfaces at which
ultrasound is partially reflected and wherein measuring the change in absorption over the path
30  length comprises: a) introducing a pulse of ultrasound into the region before illumination so
that the pulse bounces back and forth between the interfaces and repeatedly traverses the
region; b) sensing an amount of energy from the pulse of ultrasound that exits the region

through one of the interfaces for each of a plurality of times that the pulse travels back and

10
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of the putsemid determining locations of their origins; ¢) using intensity of those photoacoustic

waves having an origin in the region to determine an absorption coefficient for the light in the
region; d) using the determined absorption coefficient to determine concentration of the
component in the region.

25 In some embodiments of the present invention, the at least one light pulse comprises at
least one train of light pulses radiated at a pulse repetition rate.

Optionally sensing and determining locations for the photoacoustic waves comprises:
focussing an acoustic reference beam on the region, which reference beam has a frequency
that is shifted from the pulse repetition frequency of the at least one light pulse train by an

30 offset frequency and an intensity that causes the region to respond non-linearly to acoustic
stimuli; and detecting acoustic waves at the offset frequency.

In some embodiments of the present invention the method comprises illuminating the

region with at least one pulse of light at at least one other wavelength, repeating b and ¢ and

11



invention, the at |east one pulse of radiation conprises a pulse of light.
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interest in a body conprising: a) illumnating the region with at |east
one Pl sSingind HOBmREY LM HMRAEIRIAY fordthe WYGER ohb lter bavdlh@bsobbEMm Y, | N
conponent; “b) sensing phot'oacoustic waves generated responsi¥ve to the [ight
pul se ardnabatretion of thg cbmpaddanditsthetedidrei r origins; c¢) using intensity of

t hose phot oacousti waves having an origin in the. regi to determ ne an
absorption cS¥PEeder # grethqdetny g \9}%@ @ﬁypglﬁl}engy? ﬂjfimaseflhgwenﬂon,
determ 'f&dwﬁilaﬁ%r{éﬁﬂgjﬁup&%%r%ﬂhlﬁhg 'TGcaEQnsdn%E a&{erBH&%‘oa%&]EL% %{vg% b es B &issing

conponent in the region. n-sone enbodi nents of the present 1nvention,
the at lapasousticacfergive heains éhecwathod sempatses llwastatmgethe region wfithl atglhast pok ses
radi ated_.at .a.pul se repetition.rate,. i onal | ensi ng, a det erm ni

| ocati onti gttt bEBCtstad et dabse BhRRR sueRRe ol P dPdibnoefd
ref er enggpda Qiddtd) @nd @GIn8Mthe \IBlefiinb@ hBERPES EQFMtIBASIOA tHe AABRAGYe ofikat S
shifted fromthe pulse repetition frequency of the at |east one |ight pulse
trai n byighhpalge trstet deterarue nencenineticanof the eegipopenttatthe mgies QiitwneByitha t o
respond .non-|4 neat| 0, acoustic, stiymuli: and tect,i acousti.c waves at
e of 1 SN pish i yod A FEShaM, fibstiviaBhpuss A, HRsREkE 1l FRGUR eI EnATRES

met hod eRAW@tInsesly.l | um nating the region with at | east one pul se of Iight
at at |east one other wavel ength, repeating b and c_and 11 WD 02/15776
PCT/ 1L01/ 00740 somsi weiboREncaés of rihe quesent drysutien, sersitg phelRecousiic (rayeatis

| east o enat ' t ' . C in
tho.r eor Sretep Py SR LRSI bl BRENIE: GRTECRGELRP Rl W HINARRRS

t he preseniprisédv@Bisucing achBtic WhopehtisesTshe godlthgdetwedt the ng ldasicaid wasdias t he
phot oacousti c waves conpri ses focussing 5 an acoustic reference beam the
met hod @BAPRSRA. i || uminating the region with at |east one other |ight

pul train terd Lffer . epetition
ot &3 1 opoatinait Shyffihe & rRbRl by e, MO RAMORRlEr Bkl 07,

f or t he ledatibr@$theatgiont Optionally ghtermpinisea tacation fod titkeregionicompeigssCiedismatingn of
t he conponent |n the region. Optionally, the |Ilight pulse train and at

| east oh‘iﬁﬁf’ﬁ%‘aw‘? bod¥i se train illuminate the region substantially 10
i mul t aneous| apridhin 5 0aReRIRAG! Miaon o it RERHCHImIALENbIRRy BEISBH to

phot oacoustic waves'is nedi ated by at |east "one ultrasoun ransducer
coupl ed within he unoetyaintydofkss thiam S5t Waveheghisdf thomitrisswsl inpatslazst wge alteoutsdmn. ¢

pr °8‘8r t I(fpstio%];llgf,hcﬁte%r%lillglné %gloga?lto\ﬁe 01IJ tﬂ[ehreegl%[n clo?nap%Iseso o%at%riga%%qrggigﬁ to within an

" uncertainty of less than 3 wavelengths of the ultrasound in at least one direction. Optionally,

=D

determining a location for the region comprises locating the region to within an uncertainty of
about a wavelength of the ultrasound in at least one direction.

Optionally, the at least one light pulse comprises a pulse of IR light. Optionally, the at

25  least one light pulse comprises a pulse of visible light.

In some embodiments of the present invention, the method comprises measuring
acoustic properties of material in the body. Optionally, a determined absorption coefficient is
adjusted responsive to the measured acoustic properties.

In some embodiments of the present invention, the body is a living body. Optionally,

30  the living body is a human body.
In some embodiments of the present invention, the region is a bolus of blood in a

blood vessel of the body. Optionally, the component is glucose.
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and the body. 15 In sone enbodi nents of the present invention, the nethod
i ncludes determning a location of the region. Optionally determ ning a

| ocat i on W@Dp2/13186 r egi on conpri ses transmtting ultrasounBCi/mio/obtie body.
Optionally, determning a |location for the region conprises |ocating the

region to wi’I’hbiens durthen peoviidddn tryacebrdagsswith an embodingine nfjthepresent ilneention,

ul trasound | | east .one directio 20 Optionally, determ ning
| ocati oft m@gyngr}n 5‘%?&?%’@?5 Pg@a‘?qdﬂgcqrwsi%@éﬁyi% %\ACPWPﬂnf‘é‘ﬁ Sf the

uncert a'fé'httheé) ffo1rI @gﬁuﬁlﬂﬁ D 3 HEYLINCMRE o %Ecotrﬁ'ﬁﬁ Uh tor ﬁéﬂ’lH@ Gn lafccRladcEawith a0e

direction. Option determ ning a Tocation for the region conprises
| ocat i ngnfohélmemgloﬁthetprewnt htmn‘amn,mde;h&pé:iyﬂg/amésultaifcmt:asarermtsl reanfy.rmwﬁnt he

ul trasound in | east ne di ctio onal | ast. one

ul 5" cmavigaBe soRaPLaRar & REmGL o PaRe it oabtovsh Herdee aidff | gh
pul se CemRiiks @pt%nﬂﬂ%%l‘?e ﬁlfeth\sa%oﬁip@lség ShdrlayiB tRO 'ifﬁag%m@did@atﬂo%n Qfsal/i@ the

pr esent i1 nvention e net hod conpri ses neasur i ng acousti c pl’ Opel’tl es of

mat er i alcompomné chm@yoth@pnmegﬁalotf ythe aregioneacrnired ybgodipferean oweiny oiadalityi s

adj uste res e tfg rﬂe rreasuredﬁiaf: oustic prop%tl es, Ln some In

enbodi meren 8? TS TRYERL MY SOPREGeT SEasord n§agigy. o some
Optio nalehq\bodm@&tg a&hb p¥dsBiet iR@aYioh 9 samb Ui BAstR@hlrdsbusdirenseithedirBrRiuad t he
present invention, the region is a bolus of blood in a _ blood vessel of the

body0 Osensenas pged tchacqudnepnilribe imagy prayided fomvssarng sy soppment gad 6y 40
There 'iltra%ﬁﬁhe I‘OVI ded, in accordance with an enbodi nent of the present
i nventi on, q of i magi ng internal features of a body conpri sing:

assaying a cm@mer&mbﬁdnhaﬁs off glad presantfiBvendiop) theabodyyis of liviagiteds. I sdhe
body accor ding to a nethod in accordance with an enbodi nent of the present
i nvent i GRbodiernds effhapresentanveation.ithoiving edy rgimandadyor ned in 5 assayi ng

the coMPOnent, 35 s ons o ORANEN Lulole e SRLORS . £ pBBY ot R0

of the features. conpri ses over I he™ 1 nage
pr ouf dedldadonesssls alyi bgmée Mnbodamm:tmecrﬂ then pﬁasertthmVenmtag ethef canly®nertg i ILDL

acquired. b |fferent gi ng no aI| onally the different gi ng
modal i t b %%?FEW? 98 SX A dI O SOP?F %‘Pﬁdlm@iﬁ% 5.%19&6%@1161111%%% Sent
inventi g@-3258,Adr. | €ast one ult rasound transmtter or ultrasound 10
sensor is used to acquire both the i mage provided from assaying the
conponent andheteis ﬁmmrq:mudcﬂ iimacperdanae swtimeenesviodiirentitaf thd prekent preston
| nventi Onmeth % Pord(yetclecstm% pflo\%a?c ust1cdxvaves generated in a region of a body by light
20  comprising: illuminating the region with pulses of the light at a pulse repetition frequency to
generate photoacoustic waves in the region; heterodyning the generated photoacoustic waves
with an acoustic reference beam having a frequency that is shifted from the pulse repetition
frequency by an offset frequency; and detecting acoustic waves at the offset frequency.
Optionally, heterodyning comprises focusing the acoustic reference beam in the region
25  so that acoustic energy in the region from the reference beam is sufficient to cause the region
to respond non-linearly to acoustic stimuli.

BRIEF DESCRIPTION OF FIGURES

Non-limiting examples of embodiments of the present invention are described below

30  with reference to figures attached hereto. In the figures, identical structures, elements or parts
that appear in more than one figure are generally labeled with the same numeral in all the
figures in which they appear. Dimensions of components and features shown in the figures are
chosen for convenience and clarity of presentation and are not necessarily shown to scale. The

figures are listed below.
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enbodi nents of the present invention, the living body is a human body. In
sone enbodi nents of the present invention, the feature is a plaque deposit
in a 15Wwbondts7vessel. I n some enbodi ments of the presentPCTWIEMDTN, t he
conponent is LDL chol esterol or oxidized LDL chol esterol. In sone

enbodi ment s Mdgst nA- 1T sgRAatitAIMEIHolkON glubbiBletef RRAMIBgIaSpeRsdntdBIbod ERRbS: byp
farther provi in accordance with an enbodi ment of the present invention

a met hodeFssig @b@feéqquﬁ@c W@@&@@@tqdclm@m teeragiay of nthla P@@D?h bﬁﬂy ab}bﬁdy
by 1igh
a%/ al [g)u:i Suén%?l% p&ggj{ ﬂhg [ Oon Wléhqg}l??ﬁoggedtﬂ&gglﬁg&' gn a‘é‘c&rﬁgxf Ul 8T o emin & Pflﬁmg t

|on requen ene Jacoustic’ wayes R

regi on; ofteqrremdyninhentiong generated photoacoustic waves w th an acoustic
ref erence bean1haV|n a frequency that is shifted fromthe_ pulse repetition
freqaency by Fégs- %%atsclwr@%éﬂw o fdelyeerBeler AsasiEmgshiped whirese By sepng

of f set Ulﬁﬂic¥eﬂ ?ﬂ&h@’]ﬂlrﬁ yblo(g@t fil %9 e C&i’fﬂrééee?nﬁo%ﬂédtng ttﬁ@ eﬁ&é%ﬂ?t Ic

referenc eamin the re at acoustic energy In ron from
t he ref érventien;beam i s suffl ci ent to cause the region to respond
non-linearly_to gcoustic mul i . . BRI EF DESCRI PTI ON OF FI E n-limting
exanpl es of @%?}A@H@é%fsc FRateRE oW AVEREqIRHCTa FISaeHEiEy P e garas o
with ret a{sﬁ{gc&a&lgesf hQ%l%élt}@to? %&ﬂﬁféuﬁﬁfo@&om h@dotddGed 'vxﬂﬂ&rﬁ?em'bgﬁﬂﬁén%k the

structures, elenBnts or part t appear In nore than one figure are
genébal IpyesbiathVMomth the same nuneral in all the figures in which they

appear. i on f c nents and,.features shown he fi es are
chosen for %s A}Ségl&eémgngﬁ%l gPWFya &Jucﬁpggeénlpg@qugﬁga% (531 éu ul??écs@%%%ﬁl ly
shown t @ gf& %hlffﬁhﬁl uftla8oHi8 waRES rédRtRdFH8! B¥od HhiMGHB 1360 (S being rapidly
PCT/ 1L01/ 00740 Figs. | A-iC schematically show a gl uconeter neasuring ‘a

per son' $edpdby ﬂéummamn pythdight Rlvrgrisiddryogloenss incaceerdecegeitie paembodimdst odd i n

aregio t erson' s.body by illumnation of the region with |ight
absor be Wbﬁ“ﬁg& on, ﬁn%\ccordance wi th an enbodi ment of the present

invegtion; 5 PFgQSA—?B\ sdkers@ReMRisheR!d YlusHaWeA nBhERIFESISHd TRASH bygelbdlﬂg)d

gl ucose by sensing ultrasound reflections from blood, in accordance wth
an enbodiopeler siftstihalipsesiertaves trowsmittemh thrpughsbloahwhilg ﬂ3ﬁ319@d1 énging libath show

R L S R e e
i nvent i @Rssent mventmn, and
Figs. 6A-6B schematically show a glucometer assaying and imaging cholesterol in a
20  person's body, in accordance with an embodiment of the present invention.
DETAILED DESCRIPTION OF EMBODIMENTS
Figs. 1A-1C schematically show a glucometer 20 measuring a person’s blood glucose
by sensing photoacoustic waves generated in blood in a part 24 of the person’s body, in
accordance with an embodiment of the present invention. Glucometer 20 comprises at least
25  one ultrasound transducer 26, a light source 28 that provides light at a wavelength at which
light is absorbed by glucose and a controller 30 that controls the at least one ultrasound
transducer and the light source.
At least one ultrasound transducer 26 is acoustically coupled to region 24 and is used
to profile acoustic impedance and velocity of sound in region 24 and ideﬁﬁfy and locate
30 features in the region using ultrasound imaging techniques and methods known in the art. In
particular, at least one ultrasound transducer 24 is used to identify and locate at least one
blood vessel 22 in body part 24 using methods known in the art. For example, location of
blood vessel 22 can be performed by detecting a Doppler shift in ultrasound reflected from the
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Figs. 4 schematically shows a gluconeter neasuring bl ood glucose by sensing
Doppl er shifts in ultrasonic waves reflected fromblood while the blood is
bei ng rapvadbyi1s7meat ed by illum nation with |ight absorbedroynghmense, in
accordance with an enbodi nent of the present invention; and 15 Figs. 5A-5B

schemat bRl vessh exsad By UL & HIBRSH thD $1dYd0Rdsdl] 408 aﬁge&hp&qenpappl er
shifts in ultrasonic waves tiransmtted t hrough bl ‘ood while the bfood is

bei Eg hé@t@bcﬂb@f ithe bieod as payallalite hltasepnd lab\dmtbeldhbivl@ldmgs@é ,O1, hocaticn pﬂalnlce
Fi A
Show a BTTCGsPE ca8 bs pRTorEC Tagna e inpas eERBr i ot g s PO Boabay

i n accokgapce W th an enbodi nent of the present invention. DETAILED
DESCRI PTI ON OF EMBODI MENTS Figs. 1A-1C schematically show a gl uconeter 20

nmeasfring a PemEBINss apd owdicd| uesamdp rassdhedrhg @rﬁﬁl@@ms@f ctramﬁh@grs and )
|
- erpo R AR PuBE buEiClorhaE P RS Rng piOS et BsGEBRERR AL s

one ul tbhﬁ;dwredselsrawmbm@fnﬁearta | i ght source 28 that provides light at a

wavel engt h at Whl ch “light is absorbed by, g Iucose and a controller_ 30 that
control s theAdtlepdagne daasdycer 48 oRAY comwff@om@ag leydepmpdser oyt Rdeakie of At

| east oendhbiasANNEd [BOSEHRRLCL DY 5udCaTHE LoHOUP! Silil Gans0b0NuRA and

is used rofilTe acoustic | npedance”an sound rn region 24
and1 depeﬂfcﬁxynsaarsch painiadorrce3Ohdregdnerating mrtratshmd wgvssrandspeﬂ@mib b apoinndersoBgi Ng
t echni qyes and net hods known in the a In particular, at |east ane

ul t rasoaﬁas?qs% sQundymavies Hﬂ%é‘ﬂatﬂ?ly ?"Ih)? %i? 6 depskong trimsdaser gRanap| ood

vessel Asd brafdiubs gk K&) é&fﬂe

| ocati on o? ® ? esrge . canggﬁe per or ?r%ﬂé ljﬁ@ bﬁgﬁeg}ﬂn%a% er s?n ft
i n ul traboeoahd mfa exldtect]yf smatl shled aﬂgflevm &attmmdeimjy/mme szlmseﬂ
vessel causeiju vel.ocit Iood in the. bl ood ve assum ng{aéhat a

conmponeft&HP soung, tE?@F%{‘iFer gian e senTpledhy ety le{ %)O { BYILER ARY FISES Hent

on fhe BLoRArvRSS&lndg O, location of a blood vessel can be perfornmed by
sensing reflections of ultrasound fromwalls of the blood vessel. 5
Nurrer ous and Ném@mmansém aa mayzmaqmlse ppiezoelnftiig uraasdusmsorafthdrteansdiverr s

and ultrasoun gi ng nmet h,pd abI se in practici th ent
Mvent | SROTRAE s ARG oo roeds atESaid Rinsiicer Refiiieas pilfed eEaRiGhe
t ransduggdrgy &tﬁ&&o&ﬁﬂl@ﬁé@ﬁ GptidaN R sdunANEElNERErsQre deRbiBER I dnYarBitle entitled
"Theory of Detection of Shear Stress Pulses with Laser Picosecond Acoustics", by O.
20 Matsuda, 11th ICPPP, Japan 2000, the disclosure of which is incorporated herein by

reference. Such transducers can provide and detect ultrasound pulses having sub-picosecond

pulse lengths.

In some embodiments of the present invention same transducers are used to both

generate and sense ulirasound waves. In some embodiments of the present invention at least
25  one transducer that is used to transmit ultrasound is not used to sense ultrasound.

In Figs 1A - 1C and figures that follow, for convenience of presentation, at least one
ultrasound transducer 26 is assumed, by way of example, to both transmit and sense
ultrasound and to be controllable to generate a collimated and/or focused pulse of ultrasound.
In Fig. 1A controller 30 controls at least one ultrasound transducer 26 to transmit at least one

30  collimated pulse of ultrasound waves into body part 24, which ultrasound pulse is represented
by arc line segments 32. Some of the energy in at least one ultrasound pulse 32 is reflected
from a localized region 36 of at least one blood vessel 22 and returns to at least one transducer

26 as areflected at least one ultrasound pulse 38.
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transducers. At |east one transducer 26 may conprise a relatively snmall
transducer that 10 perforns as a point source when generating ultrasound
waves andv@erixrérs as a poi nt sensor that senses ultrasoundTAEEM®8740N a
relatively large solid angle. At |east one transducer 26 may conprise a

shaped tr ans%%@ﬂe&é@bu&@“ﬁ? 3 %@ns%dct%l lat H@és?%n@%&hﬂﬁm&' friRaRp b @nghisgnses
ultrasound in a relatively s solid angle. At |east one transducer may

conpr i seecacrplea sigdals acynansivé ﬂmero Mmmummdaws@xha@nmts toecontratlerald. ed
by contr, IIe 3 enerpate and steer a 15 be of uIt und., At st
ohe Lt arsCRToUF SsbReP R iR Fedvl JAEH afime My R ReRa o e 52 Vgl 68
trans dUQ@cfate Ko ondﬂbIoB& vagsel 225 R eREmPIB, dseirhé @doluslifthlesbanhol inanBfbUgR
that converts pul ses of optical energy into acoustic enerah't Opt i cal

el 1orRp

ul t r asodpgion pawsal E@sfsowhi%l%g%ﬁwb’é’dhasm eRAneRplevalenityt pag vlse 92 or

Det ect i t K (o 20
Vat suda%qé%ft?'udsw ‘}ge an (5%%% 3}tglhlég}6 :t}ge ?ille%s@re ét?%egf%gnéﬁ %@ ir?c%rlg%%g) &
herei n IYood kel 2DbS. sex&ﬂ@a Doppistisiif s theasflgutaMpule rendtitefromtthel bﬁl@abemgd
pul ses ha% sub- p| cosecond oul se I engths. I n sone enbodi nents of _the

present ¢ froyn belietO: R dasatier of Blped M%Sé%l Rgnpyn b detganapd framshms dapse
ul trasoypd wave £tnwﬁ£Hﬁ1 359’1’ QL FERLSol lﬁ'ﬂ%s RS ﬁ?eﬁﬁnsfn%%%'d Uil of GRSA 20

one transducer t is used to transmt trasound 1's not use to sense
ul t rlQSOlDtdzpldr rshiflegmltia’koundlﬁiﬂamﬁﬁ fuirtyas eisultrisind alahaivcerf 26, Incddeioneredlectod

pr esent at at | east. one _ ultrasound transducer S vva of
Bl © PUS® BB AR Gt SIS D SMOg {18 BERIHRGPEIS L BONEbOf St
gener at &2 fodd v&%&leﬂz a0d/ 1‘8£qu BF UreHaitdhfn@hesllstit ﬁ]}ﬁgg@ce dhﬂ'ergmgﬁo&&he

controller 30 controls at | east one ultrasound tra ucer to transmt at
| east omeoMccmpédm@eﬂnqsuba@acﬁnttdﬂleassarﬂand waves into body part 24 whi ch

| t d t ed
aner oy i P4 Shahd 1o ROER Hhk e, AoEs ah e P AT Wl PRIG Eat BLPHY e
regijen 36nQkedby heRsk ofn Q103G oY 25 55 (AR E oSt A8k, Sherk o NBast

transducer 26 as a reflected at |east one ultrasound pulse
02/ 1577 ®nPatttaspead mﬂmez As redletted by dispud interBeesi asldgegigewmbocbztpalﬂe%m ‘@hleh

ul trasoynd tra sduce es_Si als r sive thereto that
Phe. ot oS abhES PatElmitrs Ry ERE, B 5hwR o2t BERR FfehL A od

pr ocessepefdyeinl 86 Qbﬂ&ﬁhoﬁs enalis senssd I'Eb?' b0 dne kRPvduden 26 1e 18Ed to tetehfi@pt i fy
and |ocate at |east one blood vessel 22. For exanple, assune a bol us of

bl ood 4Geawsiicngropertiesghch %e@F swagpleopcoxstic gmpedasae apf dbel speasisef somdaad a
Corragneggglgg iig lbggil :%artp ?)Ii] g&né %nﬁ)'ﬂd zgo? the | ? !e&cﬁx%«gntpolﬁl §<t%u? ¢ Cpergy

Ref I"ect pul se nti as ‘or gesnat ng in eas
reflections are used to determine acoustic properties of coupling of at least one transducer 26

to body part 24. Measurements of the acoustic properties of body part 24 and of the coupling
of at least one transducer 26 to the body part are hereinafter referred to as “acoustic calibration
measurements”.

25 In some embodiments of the present invention, ultrasound generated by at least one
transducer 26 has a frequency greater than 5SMHz. In some embodiments of the present
invention the frequency is substantially equal to or greater than 10MHz. Sound propagates in
body tissue at a velocity of about 1.5mm per microsecond and has a useful penetration depth
for detection of features in tissue, which is limited by absorption and decreases as frequency

30 increases. For an ultrasound frequency of about 10MHz, the wavelength of ultrasound
generated by the transducer is about 0.15 mm and a useful penetration depth of about 35 mm.
For this frequency, glucometer 20 can determine location of at least one blood vessel 22 in a

direction along which the transducer transmits ultrasound pulses with an accuracy of about
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bl ood vessel 22 by sensing a Doppler shift in the reflected pulse resulting
fromthe pulse being reflected frombolus 40. The |ocation of blood vessel
22 may bevadeveymé ned froma tinme | apse between a tine atP@biigh/obte pul ses
of ultrasound waves 32 are transmtted and a tinme at which 10 Doppl er

shi f t ed OUlSkind §04) ABoR W Wwevebdhgtl)! InVfedmBdirhag UNthelr&RECMEQtioAS iraddhitted
addition, reflected ul ses 38 may arise fromreflections of energy from

transm Piteagownd pelses33? 1gye wellimatask suthat dhest hawsne ciosssectiongk diamepersaf abonbsul t

of the i ti G | d iLfferent .fromthe .agoustd c
i rrpedan@?nllc{ﬁ' @géso l[i}% tegg‘f(g?leeﬁ%c}{eg@ a?’h%g@\gll 'I%g(.ﬂuﬁ?n %Lﬂea%aémﬁo%eggn F‘%@Iﬂe@h@(’r gy
from at ldcassblood &reselsr R dinpins®as 3gicd ofatimendivns d5blosll vesderdidaytedt by east

one plood vessel 22 and features thereof. In general, energy fromat |east
one ¥l t PRYG FYAPRIesE apersos st foregEm 9y 219i%sue i nterfaces and regions in

body part 24 i MYEC Rl BE108G QUS bldbd! REH 3D G6s ib%efo)%Qt%h” e BALOsY c%&:{h@one
gy in the at is

enbodi nents of "the present | nvention, eneér reflections t
sensed highatourend8 tonHutizais budepa@4 sithsadetsd cetmriss A2 ofawilitaited light

properties, .such as r.ex | e ousti c i npedance and the speed of sound,
of 20 re 2 af FF%‘?SH%‘?BEF‘? Fegﬁ.onﬁﬁﬁ esgtHrdd ﬁ@#&% pyisetAiectyisre SeAY PARENt i on
acousti e b egh i I t 1 i r i of
Coupl | N ap HPBpdy TaHCEL!CARE fe F5R ah, BF BTG MR Sl Rl RIS

t he 1acoUdeietorprasgeght pelse dR fradyatpadiepedinimdody ptt4cio fphmingtes ah iatrehemst

one transducer. 26 to th od art are hereinafter referred to as _"acoustic
OnTi br ol PO drstSut B bt ol P R oo B BEBERY A 4 lisRe SHiseg? b9aRt than the

i nventi @Blumd & RIQHE i IBRETiIAdEH 1Y% BlrefR@3tenOSt bEEALS HEG e, RBRIfated |
frequency greater than 5MHz. I n sonme enbodi nents of the presen i nvention

t he fr edigbheamnps gsugssliarieiuskd jo dbpmihate substangiamtonty & helativeOMitaall Ssomdtely

propagates i _ body.tissu t a | pci t f ;about 1. 5mm per .m crosecond and
e o uogridhsaRBiet denBit Bafy nie 15, ASa tebeft R ovdiac et cpar s Sl
i's hEm tigw st@h?}Qﬁ Mdaﬁﬂn@ﬂﬁb&?ﬂmﬁyﬁ%a@%ﬁ AGeGHENd 30 DU 5518830 HRthan

ul trasound Trequency of about , the wavel ength of ultrasound

gener at dighbpulsphaayr gmmsthie photoscoabiiuvagesl 8t lpentions substeedally erwved ftdmrhalept h
of abou ' r ncy, -glu ter .20. can _determ ne.locatjon
oF 2boioclRofTs of gt Bl BT o OO A S B BSBH. 0
t r ansni idsfindstthasgutiatiextthtSH st Wabtorlighe pulsaay pefpeadioular tolfhe \MReO2dnlS7iFf el
PCT/ 1L01/.00740 O, 15mn (i.e. about a wavel ength). |In sone enbodi nents of
the preSEHe lightpulse posh spreading af ines 4 ipside h@@{m% Phinsicatcslatezsl spresiingpdebd so
t habyt hey Nave: At spsectional diameter of about 1.5mm d ucometer 20
t heref or es{g‘s ¢ a?ﬁlgt? %'esol ution and penetration depth sufficient to
| ocat e bl ood Ivémshl 1se hated tigit dilemas ligitssotytei 28alk shbwal] tyewsy of exapfiplb) 10cdded
vessel s | oc, teg, by o . .
at a side of ultrasound transducer 26 other positions of light source 28 are possible and can be
advantageous. In some embodiments of the present invention, for example, ultrasound
transducer 26 is formed with a hole and light source 28 is positioned to transmit light pulses
25  through the hole. Transmission of light pulses through a hole in ultrasound transducer 26
provides relatively uniform and more symmetric illumination of a "field of view" of the
transducer in body part 24 in which the transducer detects features of the body part.
Furthermore whereas light source 28 is shown as a single light source, light source 28 may
comprise a plurality of light sources that provide light at wavelengths suitable for determining
30  glucose concentration in bolus 40.
Fig. 1C schematically shows photoacoustic waves, which are represented by sets of
concentric circles, that are generated in body part 24 as a result of illumination by light 42. An

innermost concentric circle in a set of concentric circles schematically represents a location of
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5 way of exanple, in a person's wist, forearmor groin. In Fig. 1B, after
at | east one bl ood vessel 22 has been |ocated, controller 30 controls

i ght sow@e287¢0 illum nate body part 24 with at | east pawpImulos®042 of
collimated light ™"ained" at region 36 of at |east one bl ood vessel 22. As

| i ght puhseigh? ofri ghodvodticpatte. Bis of comdéttricncibdely 49 @ dw 4vitC dished Sinkhe

light and the collimated |ight spreads out laterally. 10 Therefore as |ight

pul se 42%@? BP0 IQaReUsTS YRy o et arpageneratad Hyngheakpdion o onerey dist ng

vol une @fght %ﬁ%’@z ét%éa@i%n?@ﬂ}‘id@@f by ong stsQleZA%ﬁﬂf ﬁOA{O kal flcoc1 ReiBk %ﬁ@le?f
a of s 1 4. TS thé

ti ssue greater than the volune o us um nate refore
seen t hargwibecslisdinet sslemtatiealiyngppresehtk amphbedcodsiig Mave diaviag , angeivdt & bylus be
used_to jllum nate substantially only a relatively small, accurately

defi ﬁed4pegi on of tissue in body part 24. As a result, photoacoustic waves

can be gener ajigedind Handdugbt2Pethss r%l%%dﬁgodsﬁiggﬁvggﬁii bRd B4 Rahdm#dsikhal are

not restricted to blood bolus 40 a se may generate

phot oac aespphsiverdhersioato Icontadllienrid). slmbstcantaned Iwith empemblodinent toffethe | resent on
of the blood bolus..ln Eig. 1B, lines 44 schenmati.call epresent an

envel opémfeﬁg?n SoRiFIlgE 20 flﬁtgnglﬁsgt § «Lﬂcaté‘?& é’ﬁttheo?ngﬁ of Sﬁlsht‘yfé%ﬁ?@%af’%fm B‘(?IVE%4&1_2
per pendiagd|serusing rbdilts GfaB&istio RalXtrafidriM@hsurherktd)Berfdrftl RNiSRIPRE APELEad N9

of lines 44 inside body part 24 indicate |ateral spreading of” at 20 |east
one 19i glthe gigeusaion 2f Fig. Idhdednirober 3dthed compereaties bwstidrisghtths bwatien 98bolss

shown, of e l.e..located at .a si.de .of t ound transducer, 26
ot her p(?'éi %%?r%lsw% &(ei%? g ?éds%]mﬂ&ggl%asawgw %QS‘P&‘]C{% %’d@i}?‘dﬁgor é\méé%%s
I n sone leyakest dROENObf bhctotoSR WavdVed HbRfbed & PEXIIMRaticH W@ 98113

transducer 26 is fornmed with a hole and |ight source 28 is positioned to

t r ansni #nd UpnRateniSs/ds, 398, the disglgsuer ef whick areTinaerparasss hsmeine réfgtenceul ses

t hrough a hol<_.i . Qvi.des rel.atively.uniformand
nore symretr |(€0n%rp}1%pn%qﬁ§??%&rqugh E%&&g%gl%@b(%&nﬁ%ﬁf {hgfprﬁ%t W?fﬁwgdﬁlé ?ref)or'qe body
par 1524 able whidédoritieaté riansetuc photdedorstic Wwaras uhas aefl gélteatb0di B 40 and

Furt her ngre whereas |ight source 28 is.shown as a single |light source,
light s@ P@écozléﬂwve%g%rar% gengraied, ogisideyolobolps 4ft Cenitipliaa 30 deiernpines, that

l'i ght, | it r 1y N 0, o) tratjon in
bot us 4B oRRARAERAETR SO islABNR hOpale e Bl A ncieBEOR Fv AR B B
r epr esewpusiictnf bebtsstOoIn acoriarcy with ag embbéiment bfithe pEsegianesmivadcdniroliedyo par t
24 as a res&l)l t of .illumnati i 42. An . innernpst concentric circle

n by I.igh
in a sefPBFORHRER Herlpeations ap smphifydrmet Rhiqagoystisreavsn pd aad A @at icalibation 17
WO 68/ 1adehburBabid kddOADa B Ahhdlidh AfaigkoBURIBREANSLL Gloppve. Sets of
concentric circles 48 drawn wth dashec% lines schematically represent
phot oacoust i Theampsitudeat paaseurg &y plictohcoystabsorepil axd thé siepe odyhbdtoacnustic
wave 50 that is sensed by ultrasound sensor 26 is a function of an amount of energy absorbed
by bolus 40 from at least one light pulse 42. The amount of energy absorbed from at least one
light pulse 42 is, of course, a function of an absorption coefficient in blood for light in light
25  pulse 42. In general the amount of energy absorbed is relatively small, as a result of which,
the amount of energy is approximately proportional to the absorption coefficient of light 42 in
blood. The relationship between the amplitude of a photoacoustic wave and an amount of
energy absorbed by a region of tissue that generates the photoacoustic wave is described in
US Patent 4,385,634 to Bowen, the disclosure of which is incorporated herein by reference
30  and in PCT publication WO 98/14118 referenced above. Expressions for the amplitude of a
photoacoustic wave are also given in an article by Lai, H. M. and Young, K.J. in Acoust. Soc.

Am. Vol 76, pg 2000 (1982), in an article by MacKenzie et al., "Advances in Photoacoustic
Noninvasive Glucose Testing", Clin. Chem. Vol 45, pp 1587-1595 (1999) and in an article by
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| i ght pulse 42 at |ocations outside of blood vessel 22 and bolus 40. Set 50
of concentric circles drawn in solid |lines schematically represents a

phot oacowe® br13mawe having an origin in bolus 5 40. U traBomdiopansducer
26 senses phot oacoustic waves 48 and 50 and transmts signals responsive

t her et 0 G.6.4.0Hveloh lebpl. 30A New Thearctical dppmpach "B Piotoectiustio Sigifal t(}eaeqatimﬁ’e nt

phot oac aeErc Siut: 168 2 HRSLEe B 1GueR sEiheh s actmeraed P atieimos.
n‘eas urements IPPrrEﬂfeE@ﬂ’s Dk awiiasdeYo i iddebedc '%V@%Ot ﬂﬂ@n ddd%?fiﬁgt ng‘esﬁbﬂ

1A. Controller 30 then conpares the locations to |I'ocat i on of Dol us 0,
whi ch wder aspkmde rgwnm}eﬂioelealey al.aB = MB@%&ﬁaomafl)og,, whare Metshodenstant of
determ ning the cations of origins, of p of oacousti.c_waves are descri bed

' PeT PUBTTCSIHiSh Mp i PTRyTsTe st pak ﬁ&enefov §>0§5€,ﬂl§ eedPSEBdards of
whi ch ar}?%&@%ﬁ%@ﬁt}?&g%&ﬁ%&l% 8 aﬁ&%%@res%’c%r Bfer i élgsit})lq?)ndgb s%rlgxgg’%ﬁe

wth an'e esen nventi on,

di scri mgfat Rafiehweient ;ﬂh@é@p@@us@m Shsbties cb@ﬂi&mﬁf ﬁr%ﬁ?ﬁﬁét%’asi &lé)ﬁ)gm ufk@ and
phot oacoustic waves that are generateéed outside of bolus 40. Control Fer 30

det er ni d@gn tiksue of pady part 3dend d 1S/\rap@h5@1gﬂsthlabhght@dlser42mmab i Gredrodytplazitio

hot oacous are . lo ated out |de l.u I n_accordance with
P ot oabali Al oBaE e MoRvBHER BT G Gl Do g PaR it EoR he
Izocqbl oRg oAlRdsANRIcEA IR lﬁfthm%@afepﬂgr i Y‘@e‘é?tsoréq L@@guﬁg 4§”ﬁh ot On

0 neasurenents to determne a concen on of e in rson S
bl ood. TomeHd fsude atbnyaties sfacter fuyowhmhomtmsﬂms)tf iat IWenﬁOhgmdplﬂ&R% Hape

Funct oR ERUAR A5A R T L) TS SOrBEHOn e IBoRas PGP dor dathidis
l'igh
LB, 4B Hom HIELBIRMNE 8oL RLOY) 303 QRS IEAN BlonPARkeRE o 1h dlhe |

pul se 4 course, a fun teren

for |i gkinboBirhd@df RS pfbkiér&@mf’%ﬁoﬂl rth@ %k%f;ﬂion%@@ffﬁi@ﬂt‘ Blis @bteRARE Ys @@Mﬁ@ﬁd i's
relatively small, as a result of whi ch, the anount of energy is

appréxi wadistanc plopsrihd patlalength ¢ hangﬂmqpam@nfoa: Pefifercibmve oofin bmegnfthf.t z»ﬂien

bl ood. %e rgé&a&o onsnS g en, the. anmpl i.t u of a Q‘?o%q[acousttl C and
an anour ener gy - ape et?yenéenF Oh° & FFETHECY Aoy AL e t he
phot oacoust i CTheawgvdlehgdEsE liphesh dtNeast/InPagBNbuke 3855 @BAsdnOsdBMME fhe Il% is

di scl osure of which is incorporated herein by reference 30 and in

publ i catthembeaDbysgluadses Tihef@s@m@em cobfipient Erpie dirofse ofuntten afpl koowe of
a ph:)t Oﬁgo%ts {)rll 8@\(%\/%\46?0‘51%\{}?0 1I100§% forelég ne( %é%é}%g%ﬁl H¥ éligﬁg}r{ pH[ egstb(g}ledhgﬁ?ung’
gac Kenzipalset42aind an TARNGHE @éndeﬂtrﬁﬂﬁitd}??@@é irCthe Mdrﬁf%%ldéelOGAL&ﬁ%s%rér &5tht NG,
in. em Vol 45, pp 1587-1595 (1999) and in an article by
02/ 1577@mpiiude B pf phpisecoustic waves generated in blood bolus 40 can therefore be used to
determine concentration of glucose in blood bolus 40. In some embodiments of the present
invention, controller 30 adjusts amplitude P using results of the acoustic calibration
measurements to remove biases in P introduced by acoustic properties of tissue in body part
25 24 and coupling of at least one transducer 26 to the body part. Controller 30 uses the adjusted
P to determine glucose concentration.
Glucose has absorption peaks at a number of different wavelengths that can be used in
the practice of the present invention. For example, glucose has absorption peaks in the mid
infrared (IR) at 9.7 microns in the combination region at 2.10, 2.27, and 2.32 microns, in the
30 first overtone region at 1.73, 1.69, and 1.61 microns, and in the near infrared, with relatively
low absorption, in bands centered at 0.76, 0.92, and 1.00 micron that can be used in the

practice of the present invention. However, there is no wavelength for the light at which only

glucose in the blood absorbs the light. Many different substances in the blood such as
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C.GA Hoelen et al., "A New Theoretical Approach To Photoacoustic Signal
Ceneration", Acoust. Soc. Am 106 2 (1999) the disclosures of which are

i ncor por av@d2/bwrei n by reference. If P represents the anpPCT/aa/00f40

phot oacousti c wave 50 then, adopting the expression for anplitude given by
Hoel en ehokesterol lbumin( BGarp($ fts aidaptpmins abkerbdight asorancapwataetgthd of bght

P he” apedh aencalinat ahiprhs tatk AP oEeriocbn SO EOE RN Ciblis Bdcgn ARUOTY ar o
respect io‘f{%lﬁ(c&s@ Qohdnfa8d Yn @Pﬁg%ﬁ? 46 %P.taréo & th@tcohﬁéﬁltaﬁgﬁ‘se gn{d?%%?ﬁlﬁ% e

42. ais e absorption coef ient for Tight in at [east on pul se
42 in ticesifeiants) twdythpeabsodingsulistdnées im theattlbod bolgs. MTHeheford, irgdrcomiaheew#R

t ls int .bod t ot . h. bl ood bol 40. ab is_ th b ti,
coof P1 oilni BBl e BiSF WOt &, o8y 4hF MAERRSPIee GHIGe AR EIPtion
concent rgLiRintdat e 1@39 a2 b&hs b Prtnd pgﬁ&?@ Bl ag§%\%;g;rg-5%d Rt %n{aéng; hgt

exponential factor e-a s an attenuat actor N | Nt ensi
| east onenplitgies qfuplsxoatdustc watdsefowad ptiraitpng difierepatavictsngihb of lighte The

attenuation factor be estimated, fromd, ich is. kngwn fromthe
| ocat i orf°B° PRy %g&ﬁﬁ%‘)sﬁdna RS Lfg‘t‘?flallsl ggﬁrfgﬁn%ﬂduggnf _B?aléis.ls Io_rf 8 me
enbodi m%l@fe‘fmﬁfed%&rﬁﬁ&?@d%‘f%éi%}’c@g%iislgg}ﬁgiéiﬁlgxﬂﬂ%%h i@ goefficient ais

determ ned as a function 1 ong the path Iength d using the
equafi on for Argipriate abitevie for thenclunee differdnd wetvielengths eff dighhaeell tho determing and

finit I t anal.ysis pf_ the sur ed ot oacoustic_signal. The .
L S ARl 5 Pl e R e BRSSP Sk Y ThGptione
light i SocfHReAhes wel IGWaosS. paldie 5389 Quptd RhrEoef elil!, 8 %%&PS'@ZW‘TG&@‘CVW e a

function of a known absorption cross section of glucose for 1ight at the
wavel endilit, 87S Paigh348,802at0 Carasandod . Patght 4,905,681 teeRdbinsordetanh. the kiisolasures

tratj f gl in the bl f bpl us. 40. A f. th
apl i t ude Bk a5 e ERaiet ool i P eietvea E0PTTR TeioES 190) driermRRipg lucose
t heref orcendeptrs@d fidn ARbHIGH NRcLMRGERHS At | LPIELIG! UEOsReldhettk0qsk Dokys 40.

I n sone enbodi nents_of the present invention, controller 30 adjusts
anpl i t udedP.84di Aeperibey detsrpming glugesr sonesniratiothiattissue fravasueastemants of

renove hj i i : . St i roperties.of ti e in bo part
25 24 ani a0 et RSEE A R R RS A Ryt by  faefond Es
Cont r ol Ingierod® - U $snichumsadi tsbeicrdist 0. 88ahREdHsNSuiHHUCIHSR s6Q06L Bl dads 18%Rrs,
A ucose has _absorption peaks at. a nunber of different wavel engths that can

be used 145§ diodes Pl mdelight eppiging diedss (LERVR:for ipsovidipg dighk afrwaeelengthscissé has

abs ti i . ] J r : t 9 ] | h .
oty hat e icol, iR SoflHandely il StbdhPnlortnt Bl Iivdiighy'fre peadity
over t onevaitpilo ifoamethoB, oflaséingaglicdsefin aicordanss withknibodithentnefithd presaat ed,
with relativel ow absorptjon, i ands_centered at 0,76, 0.92, and 1.00
m cron £ &8%?/#“8% aﬁ@e@eﬁ‘ﬂgt‘#ﬁ%“sﬁﬁflg@%"& 8"%‘}‘”@5’%‘“&‘@@& 4ailﬁ\i’étﬁ91i1 SANLINSRRVer |
there | SIRA%E L AMIBod 861 NP ddih! it RAliked, HHFOP Bkt LliCurld B0

di ff n the "bl ood su as

absorbs the light. Many different substances i
used for providing light.

25 In some embodiments of the present invention, photoacoustic waves generated in
blood bolus 40 by at least one light pulse 42 are detected by heterodyning the photoacoustic
waves with a reference acoustic wave, in accordance with an embodiment of the present
invention. |

To illustrate the heterodyning detection technique, in accordance with an embodiment

30  of the present invention, assume that at least one light pulse 42 comprises a train of light
pulses radiated at a first frequency. Photoacoustic waves will then be generated by blood
bolus 40 at substantially the first frequency. Assume that the reference source is controlled to

generate "reference" acoustic waves at a second frequency, offset from the first frequency,
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19 WO 02/ 15776 PCT/ 1L01/00740 cholesterol, album n and various fats and
proteins absorb |ight at or near wavel engths of light at which glucose
absorbs W@h2/15726 a result, the absorption coefficient abPCEI1foar0ti on not
only of glucose concentration in blood bolus 40 but also of the

concent kaitPRe foandd daskIbed bohs 4008kduntd fths) tHahm&ﬁeE@éno@b&@ﬁ@idW@aves are
substances in the bl ood bolus. Therefore, in accordance with an

enbodi mewficisntly fetepresodhat in ﬁmarﬁe@ﬁe of e aefgmepcy W@uﬁ@r%‘fﬁ@%bleeé bglugdes e,
absor pt| 0 f | g Us, 4 h d
e dot d rytsBdiel bl S0CH Algie loTHlorle bl AR Rty BoABARE wRRP
plurali tg¢n@fated|nf1 beyeboluade Ibgrlghln@umas K ghd a fiitionanioakht bﬂtheqme{mfmgbmﬂ:ose

in the person's bloqgd.is then deternined from apalysis of he deter ned
absop pt HsAveRs¥f ¢ the dihs PUlsPh UGt f”tlmﬂen elibvi b ety pud TSy Shrihat e

Criteri geded Q@o&sﬂQ'&Evg fT}})@“‘%ﬁ H@‘(rﬁhqg%ﬂ@" Qs blo8dthotaedo tc%u&’éﬁt S%r hoe
gl ucose concentration an ods an hni ques for anal yzi ng the
absor pt |reﬁarence) afafresc c«aqﬂss theerefieeérice kmorem .antSh phetobcdns 86 ToPddset of War bloodt
al ., USP ég 6 to V. dift, US Pat 5,348,002 to Caro, and U. S.
Pat ent A?O gat R eﬁ& inson et al. the disclosures of which are

I ncor por at ed Iﬂ?)aﬁbmapr IR L&) SEhe ASehPR B LA U éﬁ‘veﬂ)e& oF Hbﬁwgn&gy%se

15 concentration from absorption neasurements at a plurality of
vav éDendight pulss Pataehiloodshalsy A84dre diabls; ithe soujdingr ofi thie gfegénee owaves and the

tratj int f t f t ,,h
CFesue. ol EerBRE o A ARG BoIyS Al prhsfiina "o oBhey RiRinrsbdste ifhal T
m crons. Thelhe@e‘}odfprea PhdtABSustic GRnAl GAI0MEve alfre%aermgcm&ama‘iw bl € kn@mat

sources, such as lasers, laser diodes (LDs) ht emt di odes
(LEDs) fleaquemay\fcthe gir$t| agitseeandifieasicarigs Wall bs dungpitted fw@élye gllogdg)@@s The

accordance wt nts of .th ent _invent are rea

Svar | apmEsssite: diies ol B Bughint® Sb S bronBhihel &7 e hvir Biibe fetse nt o
of tihe Me@Seid cdn¥eRibRdhtiafiiidhrges titnMbk fm@bsdfesm@mde _elpmstoatdstit ahaegnce
to Fig. 4, in which continuous illumnation of bl ood bolus at desired

f r equencacaeraied hYeb}QPﬂﬂ dalusf4Q respagivedaptumination by ltgétt plse di2t dhe gretsvpdiingd
li ght .
ol SR De AR ARERar TR bpths AL 7 Slhalk DUEALLED PUGLOBEPUBRUGCAEY 0o

het er odmnfsmgtthﬁmﬁxh@bmmmcintmes with a ref erence acoustic wave, in

accordance with an enbodi nent of the present _invention, To illustrate the
het er odyni ng ‘it B¥enteis essaals §ire 2 Toferarceotcqusticebennt fhal foewss dbawnimWof of

the Jpr esp%%eé F,l?\éedg&?‘?g@mgl %Uﬁﬁg 4 Pty ffia%@ﬁg ME2! FRlles F%‘dki?&ené}?en%f%@;p& thES @

train of ses ra ed at a rst requency Phot oacoust waves
wi ||t hédlodike bgknetoatachldythdlphotbacoustic response to the reference acoustic beam. The

coupling of two acoustic signals in the human body to generate a heterodyned signal is

discussed in a book entitled "Physical Ultrasonics" by Robert T. Beyer and Stephen V.

Letcher, Academic Press 1969, the disclosure of which is incorporated herein by reference.
25  Calculations in the book indicate possible gain factors.

It is to be noted that using a heterodyning detection technique, in accordance with an
embodiment of the present invention, enables simultaneous excitation and subsequent
simultaneous detection of photoacoustic waves generated in bolus 40 by light at a plurality of
different wavelengths. For example, assume that blood bolus 40 is simultaneously illuminated

30 with light at three different wavelengths in order to determine glucose concentration in the
blood bolus. Assume further that the pulse rate of the light is different for each wavelength
and that during illumination a reference acoustic wave is focused on the bolus. The

photoacoustic response of the blood bolus will result in generation of a strong photoacoustic
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bolus 40 at substantially the first frequency. Assune that the reference
source is controlled to generate "reference" acoustic waves at a second
frequencywoot/ive¢ fromthe first frequency, 20 WO 02/ 157F61T/R@T/001401/ 00740
whi ch are focused on bl ood bolus 40. Assume further that the reference

acoust i GighaV eisa differens bkt féqRBhidyyfor RAENSLLhS Ghreb dtavbRnhe. THELS LM S aéach e
ref erence acoustic waves the bl ood bolus has a substantial non-Iinear

r esponsdh¢ Hegeeagios can be isivylfancouslindeteaied and iisptiBed vring peprapvats filifsnsead ed
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i nt ensi %1 g%@%gég}ngéaéenc{} %R‘”‘%Vﬁ‘gﬁﬁfﬁéﬁ'? pul ses but are a function al so of
the intensityt & o datheneycogiizéd that befeeiehttngdassionCtiediiise, il AEcordaREst i C

non-Ilinearity" of plood bolus 40 caused by the reference waves couples the
r ef ePendEthal SEAENGIH O TRS EEEBL IR SBB e isse 1o Histamasda loatier efdthei ght
pul ses [elll L ; fier

Ervel opc aT " SEPROBPHEAS wabis SAGREIDR Rt Bt 3R ARO R B e B0 Soiten
st abl e, behocussdpbi agelativalh enrabf focdnodume et s kmeivit hecatipoPlhatcmosibtic sigaslponse

of the bl ood hal il ner at e "het erodyned phot Qacousti ¢ signal”. The
et er ocyBTOHstaR ol Bt B Sreytaroclrizbd o ieneh SRy & bt SRar ety ymeun
to the BEa orifih B ERNEYE rferdnBEbEdnt BlcaPRfudgcond frequencies will be
transmtted fromthe blood bolus. The pressure anplitude of the

het d0odyned dligmaA-26 spirappdicellpstaiw glucometepde siniiter tth glucefmetee A0smegsuldagm
and can be substantially.larger than the pressyre anplitude aof

phot o acSHBT T Bt dgestan Aatronp DRRddH 50T 06 L Hror BEpSHErtAgs dork e irath i on
by | i ghtin Bdos@inte withe dnefoliRsit Bethe pré@RAihvaRdInbe detected by appropriate
filtering of signals generated by at |east one transducer 26 using

t echni ques wah[Figrdfwresiin Rigel AvrcontrPher 3theantrobr acopstiq tansduedn 6 ta trasfmitatice

ol une QrosEamt bERorl PRSI Z B0 bady Pl 24O o ool e BP LA R ™

coupke tHGodNREQD0MTL bEtisRHPAD Perfban bbeustie tEkeREeh ARAHFEhntDEBMAtrolRE 30
coupling of two acoustic signals in the human body to generate a

het er odyiseuthsiigigasity af atdpast gse aliraserns P32 and eowespomtipg ireftacted witrasosni cs”
b b . h ' h
y Rober tuls-gs ﬁaﬁﬁgﬁﬁﬂ&fge?%%%e}{ wah?e]tﬁ &f bg@ﬁ?g%g%lg%ﬂg rea_relg Sb}éc? oéu%l g? it8n s

di scl osdre of 'S 1T ncorporated herein

in the RkipekmindincrbestiRensidyeflgtdnte f@chemierficks bStht B1dod weedep trallpahd bbby a
het er odyni ng detection technique, in accordance with an enbodi nent of the

present Ohpett i on, enabl es sinultaneous excitation and subsequent
T cncus e o gy ASBISIAE RUBNER BISEANE OO 00 b
bl ood bdéass 046 pulsesA2nuf lightthardhgy ai wavehdngtit ecbful for assaying glucose in the bolus.
Energy absorbed from at least one light pulse 42 by blood bolus 40 and blood vessel walls 41
cause changes in the acoustic impedance of the bolus and the blood vessel walls. The
impedance changes result in a change of the acoustic energy reflectance at the interfaces
25  between bolus 40 and blood vessel walls 41. The amount of energy absorbed by bolus 40
from at least one light pulse 42, and as a result, the change in acoustic energy reflectance of
bolus 40, is a function of concentrations of glucose and other substances in the blood that
absorb light at the wavelength of at least one light pulse 42.
If "R" represents the acoustic energy reflectance of bolus 40, the magnitude of the
30  change in reflectance, "AR", can often be approximated by AR ~ K(BAT)Z2. In the expression
for AR, K is a constant of proportionality and AT is a temperature difference between bolus 40

and blood vessel walls 41 resulting from absorption of energy from at least one light pulse 42.

Assuming that the temperature difference AT is generated mostly from change in temperature

22



30 with light at three different wavel engths in order to determ ne gl ucose
concentration in the blood bolus. Assune, further that the pul se rate of
the |i ghtwoe2/tH776 erent for each wavel ength and that duripgrilduenisati on a
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5 with an enbodi nent of the present invention, can be used to determne a
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gl ucose in a person's blood by sensing ultrasound reflections fromthe

bl ood, Wakclgeglbr adeteriiined Famebodneasitedorhange by esentancay dibei determined g.

2A, in. Fi | i . 26 :
cr b EPsepb S GRS s pRlesta SPRMED B BROVEY S AL S o Rl
bol us ofiefetra@Ed 480inn agiplit@Rst o0 MBotohbolBtioOWav@S 8l pidceddid, t®Pidt@Rahd hé O

perform acoustic calibration neasurenents. Controller 30 uses the intensity
of at | &arqenBaiion phgleenseitthsblend. 32 and corresponding reflected ul trasound

pul ses 38 from_interf.aces t n walls. 41 of bl ood,vessel. 22 and bl.o

bol s 40 to ThevBr iRt 3T M Emripondh Soffflie PoRnAE At s o
the bl ogginyessats walths RB0sthl edibrathdl UeadRemdits |10 FintbvelBiasOlt R lvafuesO
control s |I9ht source 28 to illumnate blood bolus 40 with at |east one

pul $& amtgrduredyhy asavstisgP@peiics o8 riifste i &Y pror 24 sadyponpling of @ dedsh onpe

bolus. _E b I t | i.ght ,.pul 42 b I bol.us 40
and bi oSA TREF.T TErreber Pk tienEhEh JBaRen e BT SeG P aR Bttt e
bol us apghchiecdranehtivgssel wall's. The inpedance changes result in a change

of the acoustic energy reflectance at the interfaces 25 between bolus 40
and bl ood vedse|2GwphematiqallyTdheowa ghupametst 28hmegsuraigssotntis anprayoelecta@e at r om

B e
ot hgo sUipht piliee2i Mn tHig HCaRerbN&t 30 controls at least one ultrasound transducer 26 to
transmit at least one ultrasound pulse 46 that is incident on bolus 40. Energy from at least one
ultrasound pulse 46 is reflected from interfaces of bolus 40 and blood vessel walls 41 and
propagates back to ultrasound transducer 26 as ultrasound pulses 47 of reflected ultrasound
waves. Transducer 26 generates signals responsive to reflected ultrasound pulse 47, which
25  signals are transmitted to controller 30. Controller 30 processes the signals to determine an
acoustic energy reflectance for interfaces of bolus 40 and blood vessel walls 41 using methods
known in the art. Controller 30 compares the determined reflectance to the reflectance at the
interfaces prior to illumination by at least one light pulse 42 to determine a change in the
reflectance.
30 Preferably, ultrasound pulse 46 is transmitted following a delay from a time at which
bolus 40 is illuminated by at least one light pulse 42 that is sufficiently long so that at the

transmission time of ultrasound pulse 46 photoacoustic waves generated by at least one light
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absorb light at the wavel ength of at |east one light pulse 42. If "R
represents the acoustic energy refl ectance of bolus 40, the nagnitude of
the 30 ohanyes7ih refl ectance, "AR', can often be approxi hal/@d1974AR
K((3AT)2. In the expression for AR, Kis a constant of proportionality and
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of the acoustic calfbration asurenents to renove biases in the values 15
i nt rodudext by MEEDUSti c properties of tissue in body part 24 and coupling of
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heat ed Hgashoné dight pdse42 20 shomlyt thpigh&er. 8. petforithe nR@wements |ghegongter 20°
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ul t r asodRdCHLY QS%QE‘EFPJ?%P Si“ﬁc"%ﬁ&nﬁe %ﬂh“ﬁéﬁ bang ?at%f]@ Elgnh‘fl%‘ﬁsrﬁ‘laf"r ég?ﬂyone
ul t r asouynsteptrs d §me @bHEE trehich %ﬁbﬂoaé@&ﬁ@waﬁesc&re beihy geﬂ&a@aqn bbedo
vessel walls 41 an propagat es back to ultrasound transducer 26 as
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gengrates si | s I esponsi.y, ef | e | Ayl se47. ' -
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si gnal s dfoerdgtye G ghinpulse 42 often carry a very definite and relatively easily identified

signature - a very large Doppler shift. During expansion, while a photoacoustic wave is being

generated in blood bolus 40 a surface of a volume of blood in bolus 40 expands at a speed
close to the speed of sound. As a result, sound waves reflected from bolus 40 while it is being
25  heated by light pulse 42, are generally characterized by izery large Doppler shifts.

Figs. 3A and 3B show a glucometer 21, similar to glucometer 20, operating to assay
glucose in a person's blood by reflecting ultrasound waves from blood bolus 40 while the
blood bolus is being heated by light that is absorbed by blood.

In Fig. 3A, as in Fig. 2A, glucometer 21 locates at least one blood vessel 22 and blood

30  bolus 40 and, optionally, performs acoustic calibration measurements. In Fig. 3B controller 30
controls light source 28 to illuminate bolus 40 with a light pulse 42 and while bolus is being
illuminated by the light pulse, controls ultrasound transducer 26 to transmit a pulse 51 of
ultrasound that is focused on the blood bolus. As a result of illumination of bolus 40 by light
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acoustic energy reflectance for interfaces of bolus 40 and bl ood vessel
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i s bei ngne ultrasound transducer 62 and at least one ultrasound transducer 64. At least one

ultrasound transducer 62 and at least one ultrasound transducer 64 are located substantially
opposite each other on body part 24.

As in glucometer 20 and the methods for assaying blood glucose described in the

25  discussions of Figs. 1A-3B, glucometer 60 locates at least one blood vessel 22 and a blood

bolus 40 in the blood vessel using ultrasound and, optionally, performs acoustic calibration

measurements. In addition glucometer 60 determines an average speed of sound in tissue

between ultrasound transducers 62 and 64. Different techniques known in the art may be used

to determine the speed of sound in the tissue. For example glucometer 60 may determine a

30 transit time between transducers 62 and 64 and use the transit time to determine a speed of

sound in the tissue. Preferably, glucometer 60 determines an average speed of sound for bolus

40 responsive to ultrasound reflections from walls 41 of blood vessel 22 using techniques
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64 are HKOcEHtiedushd skamhédadhlt/ the decay tlme of the changes is long compared to the transit

an)

time through the volume of tissue illuminated by light pulse 42 in a neighborhood of bolus

40.)
Let D be the path length from at least one transducer 62 to at least one transducer 64
25  and let distance from at least one transducer 62 along the path length be represented by a
variable x. Let C(x) be the speed of sound at position x before illumination with at least one
. pulse 42 and let TT( be a transit time between transducers 62 and 64 before illumination. A
portion of beam 68 located at a distance x at time t( will have a transit time TT(x) that differs

from . the transit time TTo by an amount

D D D
30 ATT(x)= f[1/c0(x)-1/0(x)]dx= f[(C(x)-co(x))/co(x)C(x)]dx= j[AC(x)/cO(x)C(x)]dx. In
X X X

the expressions for ATT(x), Co(x) is the speed of sound at location x before location x is
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opposite each other on body part 24. As in gluconeter 20 and the nethods
for assaying bl ood glucose described in the 25 discussions of Figs. 1A-3B,
gl uconet avo6D1470€at es at | east one bl ood vessel 22 and a bPCDOd1/0bwbus 40 in
t he bl ood vessel using ultrasound and, optionally, perfornms acoustic

cal i br atlivaninate® by Uightrpulss 42 bnd Qi it itlonspgkd oH seindrat ik edternndftee $lhaninatien age
speed o% ?ognd in tissue between ultrasound transducers 62 and 64.

Di fferelt % Emﬂﬁﬁﬁ%s known in the art nmay be used to determ ne the speed

of sound in I . %xﬂﬁﬁpll C erp

transit ti net’[ggtd\%gZ%H’t%roa{fﬁgfd%iers ggjegjﬁg) ’giyé‘ﬁ%ﬂ gg%%ﬁ(ﬁ an@@?@@@{%
deter m n€(R) &Peakrly sEAURAmpAreine CHEIURd Hxehbigalilhy vaghtitmenat €5(x6Qs x

d ¥

eterm nes an average speed of sound for bolus 40 responsive to ultrasound

ref | &ct comges rapemrolatively 4mall the cxxgrossiss efor 2BATT (M) dx evéyibgueppro2Braii® as

02/ 1577 LO1/ 00740 known .in the art.. Methods for asuring. transit
times ogcﬁﬁ%%sw it ‘ng SR UTReY iPE Sownchpeer Beath B@gﬁ} Yropispdgsh pne

4, 059, Ollgnséub% @2%%' Pqéﬁrs?oﬁ% 190 fler 84.1 RGP HePhREd Rk SlnNer? fneb‘ag nge, In
Fig. 4 controller 8 controls at |east one ultrasound transducer to

t r ansm imagnitideon GleaddradMEGR) ofill nbt substutisllyt hifsct plassdse OrrdATDE)PEandt0
and is incident on at |l east one 5 ultrasound transducer 64. |In some

enbodi misads tof pereenpreaorin dATEEDY & on tthee ordep 10f t LOQEAGE) bd¥miB sitpations for
dylated. .In Fig. 4 | b 68 .h | i t.ud
ool at e SR cotarBatt sRRE pEme RN RE L R prSed fam o

beam 70 khswh&h&ds lof 366m4 i Bekue ¢RIYs 09 deRimBRd GRIHg! WtrBsduh@héchaRMES Bn@dn it O

illumnate at | east one bolus with a pulse 42 of |ight having a wavel ength
that isthmbrbed 10 by glucose. Bolus 40 and tissue in body part 24

surroundi ng us 40 absor.b ene I | i gh | s .. Th bsor bed gener gy
changes t ho STLES 67 B0 TR TREHRIT I el oG h o RRRL r oA
resul t, cktifatbd ag%usihgtal ﬂﬁe&hc@bémaépéﬁhﬁiéédﬁf&ﬁ%it kBRSO bordbaIbCEIanbEs

t hrough bolus 40 to at | east one transducer 64 changes. It is assuned that
a puf se tht cird loshtelliight ngightsehet®l afbcation s et tinmeetod dn ipagionkir ART (A Bdxmamd num
change in the sgged of sound jn_tissue jll u_n‘ig ted by the light pulse is
est abl i &EebY AF &) spobe cvabmated og lacatiopsiafziasige Polde 481 “ sound t hr ough bol us

40. It is fun uﬂ{gg‘gp : ] g i t he
change is reIPtao?lg)\E/ei@&sta %B‘%ﬁ??‘ﬁ%ﬂé‘%zgﬁog D@%%@ﬁé@%ggﬁs@g&?%{r%ﬁ%
time of aseynditichrgugthith derders boltihd0 romi gbkiderdfabe bofushfacingd thrmbdiced 62t The i S
illumnated by light pulse 42. (i.e. It is assuned that the rise tine of
{he. chaNGBSt Pins HEMSRBEE 58 5 cABiAEoR 40, SRR HG G0 p R by $0
conpared to the pransit tinme of sound through bolus 40. It is further

assyped Agk,the f[‘l@o%&)/@o@c‘%&)]&ﬁ%%ﬁﬁgtﬁ% b atnBREAE FBRAMEH TP af Bifeltf3RST t
X
1

O

located at position xp which borders bolus 40 on a side of bolus 40 facing transducer 64. A

change in transit time for maximum 74 in comparison to transit time TT( is equal to

D
ATT(x9) = fIAC,()/C(x)C(x)]dx . Then [ATT(xp) -ATT(x1)}(x-x1) ~ d[ATT(xp)}dx =

*2
AC(Xb)/CZ, where Xy, is a location inside bolus 40. It is therefore seen that a value for AC(x)
25  for blood bolus 40 can be determined using changes in transit times of minimum 72 and
maximum 74. |
Since the magnitude of AC(xp) is a function of an amount of energy absorbed by bolus
40 from light pulse 42 the value AC(xp) can be used to determine the absorption coefficient in
blood for the wavelength of light in at least one light pulse 42.
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of soundvavilengths ¢ lighhalugemefer 69 wpercte Wstorgingichangnsia the epsifcsouRAGIWN i n
the art qoMahiRSal Fhediifort! B6dH AR for Aot Hph/ ARG B Ak b Bt

| ocation x can be estinated by using a difTerence“between changes tn
transit coeffiefenfsan devermprar ¢dnoastratibn € @hoc68e inlthe biwdd. &1 sorthe embedinientseof the

nei ghbor hood of |ocation x at tinme . to. |n_particular d[ ATT(x)]/dx and
ther by PEREER) {nyerioBe delgmvidsd Soenest in wiesd PB?@méfmiO?%ﬁOE@re BeIusisd sespopie
exanpl e, Wl Wl ' i L:Sad .
e e s S e e R A
faci ng tghmoselcmeentéRionThe transit tine of mninmum 72 in conparison to

: . : n D
transit time IITI;gmleserﬁ c?cﬂ.g]%gtsbglf teﬁe I?rgsoelrjlp tinven’uon controller 30 controls at least one

transducer 62 to continuously transmit modulated beam 68 through bolus 40 and to transmit a

20  plurality of light pulses 42 through bolus 40. Transit times are measured shortly before and
during each light pulse in the train of light pulses.

In some embodiments of the present invention, glucometer 60 determines blood
glucose by sensing Doppler frequency shifts in ultrasonic waves transmitted through blood
while the blood is continuously exposed to light absorbed by glucose.

25 Referring again to Fig. 4, as in the case when glucometer 60 operates to assay blood
glucose from transit times, when operating to assay blood glucose from Doppler shifts in
transmitted ultrasound, controller 30 controls transducer 62 to transmit a modulated beam 68
of ultrasound through the bolus. However, whereas when operating in a "transit time" mode,
at a time tg, glucometer 60 illuminates bolus 40 with a light pulse 42 that is relatively short

30  with respect to a transit time of sound through a region illuminated by the light pulse, when
operating in a "Doppler shift" mode, glucometer 60 illuminates bolus 40 with a light pulse 42
that is relatively long with respect to the transit time. As a result, from time tg, bolus 40 and a

region surrounding tissue absorb energy substantially continuously as portions of beam 68
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20 ATT(x1) = PC 0O (x)/CO (x)C(x)]dx . Assunme that an anplitude maxi num 74
at tinme t0Ois x1 located at position x2 which borders bolus 40 on a side
of bol us Wwoot/aoreg transducer 64. A change in transit tiPrET/iIc!]l/OmSll!i mum 74
in conparison to transit tinme TTO is equal to D ATT(x2) =f [ACO (x)/CO0
() Cx) e B ART1Rlinat T Fotdn) bbb AhATY (osdch Bk speed X SBEha R / C2,
where xb is a location inside bolus 40. It is therefore seen that a val ue
for AC(kplusA9 dndrthiregieh bbillvminget surrdymding tissne treechanee sontshiengr Juriagithansi t

times of m.pigqrum 72. and.. naxidsrum 74. Since the magni tude of AC(xb) is a
funct i oﬁ%ﬁlpﬁﬁgﬂ%ﬁlﬁpsﬁb@%é y absorbed by bolus 40 fromlight pul se 42
the val ue AC(agiotdiedboRs, disvReld ave BbahfaFrqhfiRydhaevipg toughoetdsid @nvhich
bl ood for the wavel ength of light in at |east one Ilght pul se 42. 27 WO

02/ 1577 6herpped b 3910074 Ghging wadpigess @Dﬂﬂml@g éhliftn"écmen Sieaeancyf whishrigay he

22 SRR SRR LI Y ! 15
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exanple, 1n it UT e range rom ange I n the
speed obf e 1¢daub@kuh id4ksbmad that thespbetd ccﬁsouhd and Padérbntiby amtconetasit ovene

i ght pulse 42 nmay therefore be witten (for small tenperature changes) AC
= B[(I/ Hmmaﬂ@)ﬁnéfh% ab], where Bis a constant of proportionality. From

t he . expressi AC it eg te r ahn 1.0 4t bsor.ption
coef1 i cient, e,re I 5’85§°f1%r [ %ﬁ Ieas oiﬁéﬁg h%t&d pgmﬁ gﬁ%

that t h@e@hﬁ@ﬁl@bd off ol 40 Glhﬁﬁinafedl’b}t ﬂlghtl p@lbé 420 dre b@ﬁdﬁi andergeda D‘oppieAC
10 I n accordance with an enbodi rrent of the present [nventl on, gl ucoraeﬁ
det er mi Aequenshahife sThamegaignient b Peprisy shit fir aportipg; ofgb %ﬁéé@c‘?l lén5| t

betor i fsdlel 81 Bt aPlime BUEIOBBHAR ah dld Btk  FOHIRARNGE 68 HOETad BF

determ sound t eterm ne an absor pt
coefficient fap each of the wavel engt hs and uses the absorption

coef fi cig %{3@ ﬂ @%ﬁﬁ&tﬂﬂéresgﬂ?feﬁfdi@tahgﬂal%w UMERSE thdl UsBE PR scUsHoR OFE

enbodi ne I nventi1on, “determ ned changes in speed of
sound in bolus*40 are adjusted responsive to acoustic calibration

reasy: TR A 0 ele e ek gL oAl ie K e toese
cont r ol si[Af(x)]&as nd figereby [1/C(x)2][dC(x)/dt)] at a location x can be estimated by using a
difference between Doppler shifts for two portions of beam 68 that are located in a
neighborhood of x at time t.
Since dC/dt is a function of the rate of absorption of energy from light pulse 42, which
20  in turn is a function of the absorption coefficient of the light in blood, a measurement of Af
can be used to determine the absorption coefficient of the light at location x.
By way of example, for bolus 40 assume that a change in speed of sound, AC, as a
function of energy absorbed by the bolus is given by the expression for AC above and that C
and dC/dt are substantially constant in the bolus. Then an expression for dC/dt can be
25  determined by differentiating the expression for AC with respect to © so that dC/dt =
BI(1/Hp)(Toe %Dyoy,] and Af = B[(1/C2Hp)(Ioe D)oy, ]X, where X is the path length through
bolus 40 and C is an average value of the speed of sound in the bolus. From the expression for
Af it is seen that the absorption coefficient o, can be determined from Af.
In accordance with an embodiment of the present invention, glucometer 60 measures
30  Af and determines the absorption coefficient of light in bolus 40 at a plurality of wavelengths,

and determines the concentration of glucose in blood bolus 40 using the determined
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transducer 62 to continuously transmt nodul ated beam 68 through bol us 40
and to transmt a 20 plurality of |ight pulses 42 through bolus 40.
Transit twoey1:re neasured shortly before and during eachCT/iightoorl se in
the train of light pulses. In sone enbodi nents of the present invention,

gl uconetadsorfiloriedefi¢itte SinEbardmtpdisase obthe peneniigveniop| estefiiaadiesiays i fts
inultrasonic waves transnitted through blood while the blood is

cont i nuddslate exdpisiadd responpiyht tcabrsepisd cBlibighion omsasuranes eand nifje agdivpied o
Fig. 4, as in the case.wh l.uc F 60 operates to assay blood glucose
from t r SHEFYERRRIE e Uivd 1O g%@‘?‘gf‘? %%rs%%%loélﬁay bl ood gl ucose from Doppl er

shifts in traRsMHetdnesbdithedta 50 tdlpresentiidnkieh, S@luremeilis atéaaatyorith 62 t o
transmt a nodul ated beam 68 of ultrasound through the bol us. However,

wher 8as ewbedinegé o thagresent anventign Fissays igioosqrit @ regign o4 tispieby Hangnifiiemat er
60 il lunjpat I Wit h gpﬁ Se 4 t ] ' 30
with red ngtoﬁ(%@%‘o r%ﬁgﬁt %%SFSNE@K%‘# soﬁlgrgélt8 ﬁrr%%aﬁﬁl% ‘r’%’%ia{)f% ?H %lje %a?%g‘;ebr)} t he
| i ght puilgfinawderith apanat ohightnthat isDdp@bed byhilfidose.nDhke progksscie nehanatfidlly
i1lumnates bolus 40 with a light pulse 42 that is relatively long with

|
respect iHestiaid i digsiSd andeB indvhuch @ gliicometer §fh siptlar {belugemeist 40 Ié??éo‘é{n

regi on ' ' ' IITCTIEN N

por't  ond itk de i S R PAS Y R BE RS T B Rag g MRt dome

i |1 uoi natsewk 94egidaransdileer 26 and thediseayds gyrfameddy trdmsmitpiegdt shstonampdlse96 dbol us
40 and the region of illum nated surroundi.ng tjssue tp change.contjnuyaqusly
dur g OWESORHLSE TaRISasHEE R0 LALTRY GbLss oAt om) et BGVES 1 blpd
wave hayj f ; | 8.1 FREH ' ' - e of
Sound | SCERL A0 HE S ERliba TR htgst I LAY TR R0 Rl oA oy
be wri twignmehsurdridntd @fquiil (Wi athedglucothetetshie serpassi with Embodiinentsof thet he
path length of the saund wave throug he regjon is the |location.of Ax
o the  MEGFEnGRE Ahisome BB dTRES R i rr et Doy mEporepy BHEed)
i's agsunpigh £NBmEResG RRES ke SRUNMLrAME $1180s8 @bhdRAIrh¥EsAH & cHRRMdBREp ANRE

the path length Ax. 10 Therefore, as portions of beam 68 pass through bol us
40 and tto ssustic palithgtiommeaphtsorantsod of bol us 40 illuninated by |ight pul se

42, th ti I hift. .Th i t t-h
Coppl or o £ 1819 A gniple o Chtinl EaSIEE YR el BRIETRR 8% ko
time to Wwessohes a6 dsle r%i@h 90 ABERUKe §F BffelcheRTA UERIsti6 Znpédandd Hevebl tisdde

Af(x) =f f [dC(x)/dt][1/C(x)2]dx . Froman analysis sinmlar to that used
in the degiendiamd hwne % and between tissue region 90 and transducer 26 and/or air bounding

20  region 90, ultrasound pulse 96 is repeatedly reflected back and forth between bone 94 and
transducer 26. As a result, at least one ultrasound pulse 96 repeatedly travels back and forth
between transducer 26 and bone tissue 94. (In Fig. S5A at least one ultrasound pulse 96 is
schematically shown traversing tissue region 90 only twice to prevent clutter.) As it travels, at
least one ultrasound pulse 96 loses energy and is attenuated as a result of absorption in tissue

25  in region 90 and partial reflection at the interfaces between tissue in region 90 and bone 94
and tissue in region 90 and transducer 26 or air.

In response to rebounding ultrasound pulse 96, transducer 26 generates a train of
signals having a period substantially equal to a round-trip time of ultrasound pulse 96 between
bone 94 and transducer 26 and decreasing signal amplitude. Controller 30 uses the signals to

30  determine a transit time “T'T(n)” for a given plurality of “n” round trips of ultrasound pulse 96
through tissue region 90. Assuming that the distance between transducer 26 and bone 94 1s D,
then TT(n) = nD/C, where C is the speed of sound in tissue in region 90. Assuming that

accuracy of measurement of time is constant, as n increases accuracy of measurement of C
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15 determ nation of glucose |levels fromchanges in transit tines, it can be
shown that d[Af(x)]/dx, and thereby [1/C(x)2][dC(x)Idt)], at a |ocation x
can be ewonmH1¥d by using a difference between Doppl er shCTAD1f00T40t WO
portions of beam 68 that are |ocated in a neighborhood of x at tinme to.
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pul se 42, which 20 in turn_is a function of the absorption coefficient of
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expression for Af it is seen that the absorption coefficient ab can be
det er m rB@dddteronne AC| fiorachCrdE{EEmM TA” @) LeranddiseseAC ©f asstye ghicesent tissue

i nvention,. gluconeter G0 measur 30 Af. and. determ n t he absorption
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determ ned 29 WO 02/15776 PCT/1L01/00740 absorption coefficients. In sone
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adj ust ed responsi ve ,t o acqustic calibration asurenent.s and.,the adjusted
measur enent s%?@gugéd a’f‘% S%tuitfaan’_ QBLSSrépé[) ilSO%OW bSm%e ESH ,TE%WSG%#Wf’he
present jhiu@tck QfterfBedd) WCHORL 84 dnd @AE6SIdaMER L0k tdhdad tisSuee I i MBIRbshdt he
present invention assays glucose in a region of tissue by transmtting a

pul se oftramsducgs 36 frderfinst Ipapserskenechwish gmbodienanésgeiche prasenttinvgntionceltigsauad t he

of ucose buliS ot balEIRaRE e fufh B2 Sl Bty ofdnes SRRER FPalte
whi ch a iglpdgairet elan8és 161 Mbdsafe cRagtieaaltet 6f nZfleridl Shwem thasSaryfatg. Hadcose

in aregion 90 of tissue in a body part 92. Region 90 is | ocated between
bone 10 eX@BWife ®acerdanee Avithiur embodimertiof e nieweat Mventinn, idfFasaandpulses are

transm tyf | e e t ha ' 90
" bl ur (o by AR rICHAYEE v0F Mipeothd ATRMES | JbpI LAY SIBE Lr FOLER, 1
i s a funegioaroafetegitg0s ehbtpe inf ustitelaltyfdndiad dbscrptivhepeffickatiés thetibdne

region. As, wth neasurenent S%fﬁtfhgm red with other gluconeters _in accordance

wi t FlentsgicRert tomes empadimsnisseinthe neRent IyANLiqN, UiERIEhBYarsER O UBEed P
present i AVRRHLI Ry BAS HI SRS 58l ©F one side of a tissue region and an interface

between the tissue region and air on an opposite side of the tissue region to determine a

change in sound velocity and/or absorption coefficient in the tissue region. In some
embodiments of the present invention, ultrasound pulses are bounced between blood vessel

25  walls to determine a change in sound velocity and/or absorption coefficient in blood in the
blood vessel.

Other variations of the method, in accordance with embodiments of the present
invention, in which ultrasound is bounced between acoustic impedance interfaces to measure
characteristics of material between the interfaces will readily occur to persons of the art.

30 For example, in some embodiments of the present invention, speed of sound in blood
in a blood vessel is determined by transmitting a first pulse of ultrasound from a txransducer so
that it is reflected back to the transducer from a "near" wall of a blood vessel facing the

transducer. A second ultrasound pulse is transmitted from the transducer so that it is reflected
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15 with gluconeter 80 that are used to determ ne glucose concentrations are
corrected responsive to acoustic calibration neasurenents. In Fig. 5A
control | avo8D1vomtrol s transducer 26 to transmt at | eastpPoneLpobse 96 of
ultrasound into tissue region 90. Because of differences in acoustic

i npedancrcbes Wrehatsiedterorh @0f2@ w9001 B160E vEkel Mheb@ivBEIRe oS HEL @l ON
90 and transducer 26 and/or air bounding 20 region 90, ultrasound (Eul se 96
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Cosone MAMRisfion o chateuih e Shdediof Sl ke RuBis SPEERE I5ras OHEr
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PCT/ 1L01/ 00740 increases. |In sonme enbodi nen of the present invention,

t he decr ease Inrsogiegerabodimshist efdthei present dnventiolpr gueatectem 8@ glefemmines (glucnse
absorptloncef|C| nt for .ultra tissye r 0 | n. Fi

oy ol (o BReG o ih Gioud aith JofBE i atrighe 1 st FredBsnsd rton, Hetnd, ¢
a pyl serhdmeafed 1hﬁh‘%%fbh®‘0 ﬂoﬁwﬁi&qn@@s@um/remea@emm BbA£94 WAY Giheph wapmRELr 80

measures a transit time TT' (n) for n round trips of at |east one pulse
of uItraDS’@un@ﬂmumse t hrough tissue region 90. Energy absorbed fromli ght

pul se 42 cau e AC | eed ound..i n .t ssu n 90
P TT () AP A o g b B o] bl S Db e
cont r ol ltk¢ ultBo@el aidriResioaeds sMeAon=00CHET (i) disthhcd Bétvdekn affsdifes2\andl 0
assay glucose in tissue region 90. In some enbodinments of the present

i nvent i diene é‘fﬂ isanrle Fopexatanlermefladionmeriangad iminios (3¢ ramesiyaly grnsmission
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pulse USES ange 1 n sor Ion coe ent O assay ucose
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"bounced" between two

expression for A, n is equal to an odd and even integer respectively for reflection maxima and
minima. From the expression it is seen that values for the resonant frequencies are dependent
upon the speed of sound C in tissue region 90.

25 In accordance with an embodiment of the present invention, glucometer 80 determines
a resonant frequency for sound transmitted into region 90 and then illuminates the region with
light absorbed by glucose. Energy absorbed from the light causes a change in the speed of
sound in region 90 and results in a shift in the resonant frequency. The magnitude of the shift
is measured and used to determine a magnitude for the change in the speed of sound, which

30 magnitude is used to determine an absorption coefficient for the light in tissue in region 90. It
is to be noted that whereas embodiments of the present invention have been described for

assaying glucose, methods and apparatus, in accordance with embodiments of the present
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i npedance interfaces, a bone 94 and tissue 90 interface and a tissue 90 and
ultrasound transducer 26 interface. In accordance with enbodi nents of the
present iw@enii7oc, ultrasound 15 pul ses can be bounced bae&T/amd/obhnt h

bet ween other types interfaces at which acoustic inpedance changes to
measur e leYratigotase psqabledo @ssapratstinges bbeniben glugesd anddpfassaysubstance 1o tiasysk e,

in accorgﬁn%%gvgr%t hd an enbodi nent of the present invention, ultrasound
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coefficient, in_the tissue region. In sonme enbodinents of the present

i nvent i dh relaliysiy dugh dUBtsQEd sages, 64h be drasmiiesh 18p dieebsae (and repeatedly t o

determ i i arnt 4 iClente | ood
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enbodi mant s aafustih eabpopsiont codfficiemt imnhonen Tie donel tanashem el $etudied't ewlith

bet ween acoustic j dance interfaces to asure characteristics of .
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second I?F?aﬁgggghﬁ‘gﬁupsaéc?rgg‘?‘iﬂaw F@3°$Wﬁf?ﬁ%em§ﬁ%‘%ﬁ}8@#1°§oc n[?ﬁusle s
refl ect e@terdine\Won@dbdsaty /6 PCT/ 1L01/ 00740 back to the transducer froma far
wal | of the blood vessél. The first pulse does.not travel through blood in
t he 1Bl ood ved¥eway of enether exsaple ehabstying bubistantéseotherathenl gbesose, Tih ecwadaad

pul se n.the other hand, in travelli ack and forth to the transducer
Pravel s T Sfefehs ity mehint Sion, B R Sl apnfinie Shbi ReL OB ol 1
equal t gighwivs&l tdellehmeRt Rigidk dfhe potead NRES QbncdtrtfloRC 6P CERBGEroMik than
enbodi ment. of the present invention, the dianmeter of the blood vessel is

det er ni ABZIORY ¢AM b detemyined Lishisairveavslensths fbetwrren| .ol i89rmisrens g5 Absabed he

bl ood v -Spe i od i e od ssel an then be
Gt or i Cagyterel 16d LSRR InGL OUBHEh e G0kliln oAb AR MBS Bfter MyRliFH
firg0 anddstesoind chblestaddiditemtdt®as in Agihabdepemoi’sbodpeed of sound in the

bl ood resulting fromillum nnation of the blood is determ ned by neasuring
10 back and f¥Fhads pldsisrinipgaencepomea whstaneingdqdy, BracepdanieoBih ¢essel

before anthodfh&h of the present invention provide the concentration of the substances as a finction

of position in the body. In some embodiments of the present invention a spatial map of
concentrations of a substance in a body is used to image features and/or components of the

25  body.
Figs. 6A and 6B schematically show a “glucometer” 100, hereinafter referred to as
"assay imager 100", used, by way of example, to assay and image cholesterol in a person's
body in accordance with an embodiment of the present invention. Assay imager 100
comprises a visual display 102. In Fig. 6A, controller 30 controls at least one transducer 26 to
30 locate a region 36 of at least one blood vessel 22. In Fig. 6B assay imager 100 then
illuminates region 36 with light at wavelengths suitable for assaying cholesterol and
determines concentrations of cholesterol in region 36 using methods similar to those described

above for determining concentrations of glucose. Controller 30 then controls transducer 26 to
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illum nation. The change in the speed of sound determned in this manner is
used, as in other enbodinents of the present invention, to assay bl ood

gl ucose. woaozoites enbodi nents of the present invention, gl BCDHN®07480
deternines gl ucose concentration in tissue region 90 by determ ning a
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G ot ancaonuPnueEelh iafae DY all s 00 SRS RvRLof TR Sk 1 o Al 18
ref | ect o bIBvEl vERsa12g 81 dahipRorhBd bfr%ﬁm@tdeys&lﬁé 1042881 @6 hotvo2debiidis@hand
maxi ma) occur for an incidence angle 0 of ultrasound on bone 90 at

f r eqBendoations of plagpe dppaskis t1Ré a@ﬂtlroésaéa vésipla o eholpsterelgpansepiipasmep 110

wavel engf b K = %la 1pcosdn. In the expression for X, nis equal to an
odd and "éven H‘% e respectively for reflection maxima and mninma. From

the expressi @y whyiof abegir tkahpleahises imagert 100 mes adrbe hssdqiocintige tumoss.
dependent upon the speed of sound Cin tissue region 90, 25 In accorgance
with an Teme@&@ﬁm}aﬁ g%nﬁéa Uy hayeran yppsaslly Sigh @nﬁe&?él@erofém%weﬁsﬁwe

resonant
illum ng 9 Lﬁg@ﬁé&l Sgllfile §8?ﬂﬂldﬁrl{ggﬂ§n§§%sor b?(}t ggggl%n%}(ejtrl%gga 1ghora%say
f ronot hembgeghK)Omamgeghaatcmaragﬂengm tHae1ssqueegﬂycn‘bsorbed1 b bidody &gacoardﬁﬁceam[h

results in shift in the resonant frequency. The ma |tu e of the
i s nmeas@iedt ?Poiec&c the PYRSERY HVRERIOD ﬁlég'}’ﬁ lga(}ya%g f‘%rlmil g’béelilsﬁ t‘i’i% ]§’B ed

of soundecthii i R0 BAPI oSS a%h?ﬁ'sq ﬂseuéiﬁaeﬁgmeﬁnmee& Qehdel qenﬁgxefpté gient

forthellgt In tissue 1n regio o be noted that whereas
enbodi nmeesud, nﬁnmrmSWHBMaga@mglomnme boetarly esutrasteldwtivhealthysmguang
ce with enbodi pe

gl ucose, met ods and .appar at in ac ord ts of t
present SB@Fl@’Pf’% ?f & B6 %t%rﬁss"’é’r]@la&?egglaereg@n ngetg?/

Sub%an%ay %%‘éﬁs&é‘?@c&{déﬁﬁét?or@&@a fseos@a&eexn %h@?e%?&?ﬁlat 1 ?fo%ﬂéesoy a1t Bgnyt han
bl ood. - For™ ex whereas the nmethod described with reference’to Figs. 5A

and 5B, imagervik mtﬂaadi tonaistaumge (013 ﬂm@g@d prowvidedyby anothesigsgimgyinodality piughaki t y

of time is u cose in hetls an_be used
Co det ottt RETH e N CR O imdr gtk e Btets OF HE prisRic BRER. fitlatiEe For
exanpl e onavhigh BRNBsEAktagh ii$&elald s @b deSondE ikl OpBAREMthE aftasGirnemige i S
relatively high. UItrasound waves can be transmtted into bone tissue and

r epeat ed$ gequiisdieiag tha sxmea ntirasedndgiectere dpt weheseddptacqizs the assyeinfageeByt o
det ‘ig E)nn erﬁglglgﬁﬁe IRRE qll ;Isoﬁl%l '21 gpt%&d{ogcagﬁ Ehg b%ﬁis ﬁ{epés's%P 1rﬁgg%f iﬂdcfh%n&ltr!ﬁ?)ugﬁ) ne.

The hen be exci
image on which the assay image is overlaid the assay image is automatically registered to the

ultrasound image.

In the description and claims of the present application, each of the verbs, “comprise”

“include” and “have”, and conjugates thereof, are used to indicate that the object or objects of
25  the verb are not necessarily a complete listing of members, components, elements or parts of
the subject or subjects of the verb.

The present invention has been described using detailed descriptions of embodiments
thereof that are provided by way of example and are not intended to limit the scope of the
invention. The described embodiments comprise different features, not all of which are

30 required in all embodiments of the invention. Some embodiments of the present invention
utilize only some of the features or possible combinations of the features. Variations of
embodiments of the present invention that are described and embodiments of the present

invention comprising different combinations of features noted in the described embodiments
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10 el ectromagnetic radiation, such as optical, radio frequency or ncrowave
radi ati on, which is absorbed by bone calcium A change in the speed of
sound andyop2/sToust i ¢ absorption coefficient resulting fPOMIEN®ITIY
absorbed fromthe exciting radiation is then neasured. The neasured
change, viill @eaofodssnsRs Wiftthe a. BeOQdbeRN thedinvédtnpis eBEd drily 8ntthe follswag be
used to _determ ne bone density. 15 By way of another exanple of assayl ng
subst anS&4M§t her t han gl ucose, in accordance wth enbodi nents of the
present invention, by choosing an appropriate set of wavel engths for [|ight
used to illum nate regions of a person's body, concentrations of

cholesterol in the regions can be determ ned. Light at wavel engt hs between
1.70-1.80 mcrons is absorbed by cholesterol and Iight at these

wavel engt hs can be used in the practice of the present invention 20 to
determ ne chol esterol concentrations in regions of a person's body. Methods
of determ ning concentration of a substance in a body, in accordance with
an enbodi nent of the present invention provide the concentration of the
substances as a function of position in the body. In some enbodi nents of
the present invention a spatial map of concentrations of a substance in a
body is used to i mage features and/or conponents of the 25 body. Figs. 6A
and 6B schematically show a "gluconeter” 100, hereinafter referred to as
"assay i mger 100", used, by way of exanple, to assay and i mage chol esterol
in a person's body in accordance with an enbodi ment of the present

i nvention. Assay imager 100 conprises a visual display 102. In Fig. 6A,
controller 30 controls at |east one transducer 26 to 30 |ocate a region 36
of at |east one blood vessel 22. In Fig. 6B assay imager 100 then
illumnates region 36 with |ight at wavel engths suitable for assaying

chol esterol and determ nes concentrations of cholesterol in region 36
using nmethods simlar to those described above for determ ning
concentrations of glucose. Controller 30 then controls transducer 26 to 33
WO 02/ 15776 PCT/ 1L01/00740 |ocate other regions of at |east one bl ood
vessel 22 and proceeds to determ ne concentrations of cholesterol in these
other regions. A map 110 of chol esterol concentration as a function of
position for regions scanned by assay i mager 100 is displayed on visual

di splay 102. At least one blood vessel 22 is conprom sed by pl aque
deposits 104 and 106 at two | ocations. The 5 | ocations of plaque deposits
104 and 106 are visible on cholesterol concentration nap 110 shown on

di splay 102. By way of another exanple, assay imager 100 may al so be used
to i mage tunors. '

35



Tunmorous growt hs generally have an unusual ly high concentration of bl ood
vessels in the growhs and in tissue surrounding the growhs. By inmaging a
regi on ofwoonysites with assay 10 i mager 100 using |ight at aCwawaloerigt h t hat
is strongly absorbed by blood, in accordance with an enbodi nent of the
present invention, tissue having an @¢ibasMa8l |y hi gh density of bl ood

vessel s can be clearly contrasted agai nst tissue having nornmal bl ood vessel
density) As & nRdd Yor hddBiho td SSHBondRt e ISBAEEA FRUPBr GAlkrRf 18 BSdy
clearly contrasted wth heal%hy tissue. In sone enbodi nents of the preésent

i nvent i eompesingassay i mage" of a region of the 15 body responsive to

concentration a_substance in.the.region that_.is.provided by an assa
Cmosr 1o ovdl Merdndire e ek Rl RSP bl e S pe bR B el Ae RIS A
nodal i t ¥hidiheB raSationdk a6eeagal 1y 88 cdhorit folgenBReea cHangs 8Eh IBhoEH pRpisy of
the present invention, the image on which the assay inmage is overlaid is
an ul t r @theregipiage. Optionally the ultrasound image is acquired using the
sanme ultraso et.ect ed 1t iLre.the assay image. By 20
usi ng the sa#@qﬁﬁ?%ﬁglﬁﬂ%a%@ﬁégfgggﬂi%@mgggﬁﬁﬁ#%ég%%ﬁh t he assay i mage and
the ul t r asouryimehsiBig aplRayittng Riftdidf #Saiingd®Oelisciddre ulidiséuridne assay i mage
is automatically registered to the wultrasound image. In the description
and 18l ai ms ofd) ppiag Hreemerired lsasheneqiiechipcdetamingan shsprpiion cegfifisiant for the
"incIud?&ﬁﬁggjagﬁ%%ﬁbnaéﬂ%conjugates thereof, are used to indicate that the
obj ect or objects o 2 he verb are not necessarily a conplete listing of
menbers, conmpdnsitigstheetictomiited absquptidis coéfficiche t¢ ulejeemineo torguhfrattdns o fthd he
verb. The present invention has been described using detail ed descriptions
of embodPmBARt 1} e ePnt hat are provided by way of exanple and are not
intended to limt the scope of the invention. The described enbodi nents
conprise different features, not all of which are 30 required in all

enbdfli mdnt s df nteltedi avcendingoto. cl&iont aadirodiprismpsillofmintatieg fhe senin witheat tieash

utilize only, so of. the features_or possihle conbinatiqns. of the features.
Vari ot | GREPHES SLgtioh e ISRt oheeigr BRI Eh fesan b Cr7ad TSP e QGFHREE and

enbodi MgRdRp@dn LAEARERFEthe dt M@Nﬂ@&h%&é%ﬁﬂto@&é&fh@&on‘é&ﬁpiti&ﬁtdf(iﬂé of
features noted in the described enbodi nents 4 WO 02/ 15776 PCT/ 1L01/ 00740

wi | | ocecompveenper bemegiof. t he art. The scope of the invention is linited
only by the following clains. 35 WD 02/ 15776 PCT/1L01/00740 CLAI M

20 3. A method according to claim 1 or claim 2 wherein an effect of the at least one effect

comprises a change in acoustic energy reflectance of the region.

4. A method according to claim 3 wherein measuring the change in reflectance
comprises:
25 reflecting at least one first pulse of ultrasound from the region before illumination of

the region with the at least one radiation pulse;
determining a first acoustic energy reflectance from the region using the amplitude of
the at least one reflected pulse;
reflecting at least one second pulse of ultrasound from the region after illumination of
30  the region with the at least one radiation pulse;
determining a second acoustic energy reflectance from the region using the amplitude
of the second at least one reflected pulse;

determining a difference between the first and second acoustic energy reflectances.
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1. A nethod for assaying a conponent of a |localized region of interest in a
body conprising: 5 a) illumnating the region with at | east one pul se of
radi ati owbaviyige a wavel ength at which the radiation i s pObOhad740y t he
conponent to generate a change in an acoustic property of the region; b)
transm t3 i ng Al heths® Uadotng hat clhitn i35 vihgdiflebcaifinghthel €B4r20; i€ JreN@AHME | NY
at | east one effect of the change on the incident ultrasound; 10 d) using
the nead@f@8s#t | east one effect to deternine an absorption coefficient for

the radiati Qﬁ'eaglﬂgﬁggcoﬁgt% % ?&n&ésfr %Q?eggo?{[ 6diiile ?H?qz\pa?ﬁﬁ%ﬁfﬁw at

coefficient to m ne conc 1 on o onen

2. A netlibmtomcadinationguke cl ai m I and corrprl sing i I | um nating the region
with _at |east one pulsge of radiation aé | east one ot her wavel engt h,
repedting b- dn%?ﬁ’érlft%?lﬁ@mﬂlﬁ% 0890@1911@{ plafied gh %ﬁ Wﬁvw@ﬂ@qhﬁd @’ﬁliﬂ the Angigeat ot

east o RbS! qHAKSERGML OrdRLEEE RnARDGARLA BhE AlGhughe, component in

t he region accord to clarm a| m vx/nere| n an

ef fect of thesaig ﬂheeasrtphﬁmﬂa ef ﬂEcDop;dmnﬂnﬁ&haltasmhﬂlngfevasntoant@ﬁmtme amngy
refl ectance of cge re 4. A et hod .acc rdln%to cl ai mggln Ei

measur | (GENIeBRAMEE A FRATFUEEAM dbo TR dusias. tyminaliop Wi {Be & leashope one
first pyb&gi@ pultd bAgound fromthe region before illumnation of the
region with the at | east one radiation pulse; determining a first acoustic
enedfy refl ecetmoming emdiffesence ghaweers ithey r¢ﬂﬂetaamplhelfcudelllufmna“tim and |desisg one
refl ect eﬂ?fgg{lﬁf reflecting at | east one second pul se of ultrasound from
the regi 31? illumnation of 30 the region with the at | east one

radi ati on pul se; determining a second acoustic energy reflectance fromthe
region using the anplitude of the second at |east one reflected pul se;

det er ni fi- ng aﬁmeﬁh@w@@lu@twmmﬁ Heintsi -6 twheneln secffedt of thest lenst o gffect

refl ect ances. WO 028/ 15 1 t 1101/ 00740 5. A method according to claim

3 wher ei'i eSS uar(f g?ﬁlepg?‘la% 8"11 P& nce conprises: neasuring

acouystic energy reflectance fromthe region before illumnation with the at
7. A method according to claim 6 wherein measuring the change in speed of sound
comprises:

transmitting an ultrasound wave from a first transducer towards a second transducer so
that the ulirasound wave traverses the region;
20 illuminating the region while the ultrasound wave is present in the region;
determining a first transit time from the first to the second transducer of a first portion
of the ultrasound wave, which first portion is present at a first location in the region while the
region is illuminated;
determining a second transit time from the first to the second transducer of a second
25  portion of the ultrasound wave which second portion is present at a second location in the
region at a time at which the first portion is located at the first location; and
using the difference in the transit times to determine a change in the speed of sound

through the region at a location in the region between the first and second locations.
30 8. A method according to claim 6 wherein the region is sandwiched between a first and a

second acoustic interface at which ultrasound is partially reflected and wherein measuring the

change in the speed of sound comprises:
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| east one radiation pulse; 5 neasuring anplitude of Doppler shifted

ul trasound waves reflected fromthe incident ultrasound during

i1 lum natwoen2/cf77¢ he region with the at |east one |ight puPePILMSITIg t he
anplitude of the Doppler shifted ultrasound waves to determ ne acoustic
ener gy refl epicangingt bafore iliiatiton ze diffddence elgitederd ur tragsit timemonailirgsdutd t h
the at | east one radiation pulse; and_ 10 determning a difference, between

the ref PEeshadIBetngrsecond logptipn thahis apdectrsh frorg the first dnteeaseond spirangitins od
accor di ' i - . I fect
compr i 502 kst Glordy BuRer 1 MRCKE! A RLARED (i i BALAle] AFR RO
accor di ngetfaecl ai m 6 wherei n neasuring the change in speed of sound
conprises: transmtting a tra d wave froma_first transducer.towards
S ebond t r adcliBinE:S e A e Bipre LA A b BedsEradion it Faitdame 2o
i um natfehghdehe region while the ultrasound wave is present in the region;
determining a first transit time fromthe first to the second transducer of
a first port nmasurofg aftes ilirhmagoundiffeares belvweeh aftransit tiperafivdmasoangbetveet at
a first location in.the regi,on.while th region is illum.nated;. .

et er m Aif6T 0L aeisid BRefEr EoF inneetiepisth to BP0 ienface Selb A0 divuaer
of a seg@RoubeRPE} boRveeh thé @irdtl dntiaResidlosaychsRLICT Recabd RS thdfcbid

present at a second location in the region at a tinme at which the first
por i oninterfaascat ed at the first location; and using the difference in the

transit tine . determn cha i n.the eed .of soun t hr ough..t he
egton at o PSRRI T AR5 EIRRHReL MuklfadRERS RL Ak fomt BROPlRe g
30 8. Ad{mér_b@é;gﬁpordi ng to claim®6 yvhe_rei n the regi on i's sandw ched _
between a first and a_ second acoustic interface at which ultrasound is

partial |y reficisenbingthe ciivageimtheemsedt pheounderonHhn geterminef spegssedf sefndound
conpri ses; -/ CT/ 1L01/ 00740 nmeasuring before illum nation a
di ffereﬁgfgr‘%é&m&e&%@ Wéﬁ%llft time of ultrasound between a first and second
| ocasion that is reflected fromthe first interface and a transit tinme of

ul trasound energy. between the first and second locations that is reflected
from t h& secandicthef @peydiwg to claim 6 wherem the region is sandwiched between two

acoustic interfaces at which ultrasound is partially reflected and wherein measuring the
change in the speed of sound comprises:
a) introducing a pulse of ultrasound into the region before illumination so that the
20  pulse bounces back and forth between the interfaces and repeatedly traverses the region;
b) sensing energy from the pulse that exits the region through one of the interfaces for
each of a plurality of back and forth traversals of the pulse through the region;
c) determining a speed of sound in the region from the times at which the energy is
sensed;
25 d) introducing a pulse of ultrasound into the region after illumination so that the pulse
bounces back and forth between the interfaces and repeatedly traverses the region and
repeating steps b and ¢; and

e) determining a difference between the determined speeds of sound.
30 10. A method according to claim 6 wherein the region is sandwiched between two

acoustic interfaces at which ultrasound is partially reflected and wherein measuring the

change in speed of sound comprises:
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5 determ ning a speed of sound before illumnation for the region fromthe
transit time difference; neasuring after illumnation a difference between
a transi twoores7oé ul trasound between a first and second porataien74phat is
reflected fromthe first interface and a transit tine of ultrasound energy
bet ween t he frimssiittagdulsesmnd Wiidais orglenhat thes regiéd edoetd flmmatien efdend

10 interface;. determning a_.speed of sound after illumnation for the

regi on YoM Vit therah lpastoneradiaio #4l8% ence: and determining the change in the
speed of SOUggf Aol D%t Efulhd)efor SWEER SraRimRABADE BT &orRH 1ROLEA the
illum nation. 35 9. "A nethod according to claim6 wherein the region is
sandwi clegibrbiehweeimtunoor agumirsting i nt erf aces at which ultrasound is

partjally reflected and wherein,easuri he change..jn.the s d_of sound
conp%‘i ses: af@} ﬁB&fﬁF?ﬁj’“ﬁ& 8’%‘?‘?&5 b‘?‘“‘{ﬁn?g%&wﬁawpﬁﬁgr P‘H‘W%&Pocﬁ%ﬁ%ﬁé}"é‘

i 11 um ng4ihqRe $Qedshahe tRtioRBukdl se bounces back and forth between the
interfaces and repeatedly traverses.the region; b) sensing energy fromthe

pul se that edptenninhg 2esgéand fribqusugh fonwhish trimsnissiar phadzspwrd thequgh dic a

plurality.of .back and forth traversals.of th ul hr £gion: C)
det er ni Fﬁyghcﬁ’ & SpRay ot SHuhd™? mtuﬁearf’dz&ro E’%Ciloﬁ%et %’é"%llen %sfgga}_t ﬁ@%ﬁ%‘ﬁ? hgf
ener gy LBrasGBRISA e R8iod)fol b FiRduad Betoad Brelsncith iddubERAMAIRNNE BirRe;tdnd regi on
after illumnation so that the gul se bounces back and forth between the

int &0 f aces ansing egiffierentiopetwesndhe st mnd second Sigquengies te feigrming the ¢pyagstand

c; and detersni i fference between the determ ned speeds of sound.
30 10. er?BF%o%fggg%%g’dtgﬁgégilén'cl aim6 wherein the region is sandw ched
between two acoustic interfaces at which ultrasound is partially reflected
and wherein neasuring the change in speed of sqund conprj

. 38 WO
02/ 157781 PCTA1 Epfhiogo 72moTding dAsHADT ihFrhaTeit 4o apRIOHAS cRIGWIC %iibawﬁenom he
re€gion g&ectu(gfic Fiﬂte%%éegn%t?r gcﬁnulﬁtdsc;ugﬁ isrl?agﬁe\gmfi %ﬂe@teﬁhﬁldawhlefe@? g?@a{gﬁ%ﬁgﬂ%@t on

pul se; er mni f requency for transm ssi on
ul t 1Rsouhghgt i opeglh of beumdroegipdises: s. a maxi mum or a mi ni mum

transmitting ultrasound which is incident on the region prior to illumination of the
region with the at least one radiation pulse;
determining a first frequency for which reflection of the ultrasound through the region
is a maximum or a mininum;
20 transmitting ultrasound which is incident on the region after illumination of the region
with the at least one radiation pulse;
determining a second frequency for which reflection of ultrasound through the region
is a maximum or a minimum and for which the wavelength of propagation of ultrasound in
the region for the first and second frequencies is substantially the same; and
25 using a difference between the first and second frequencies to determine the change in

the speed of sound in the region.

12. A method according to any of claims 1-11 wherein an effect of the at least one effect
comprises a change in the frequency of ultrasound that traverses the region.

30
13. A method according to claim 12 wherein measuring the change in frequency

comprises:

39



5 transmtting ultrasound which is incident on the region after
illumnation of the region wth the at | east one radiati on pul se;

det er m niwgoa1zecond frequency for which transm ssion of BCTAad®OTd t hr ough
the region is a maxinmumor a mninmum and for which the wavel ength of
propagat i on dfnsmittingsoulrdsdund waee fiegi o firdt aanddueerftbwstds arsdcarideardducer so

frequencgj is substantially the sape; and 10 using a difference between
the fi _r??a%mgéfaﬁéwgaﬁ%%ﬁsg@%e@m&t ermine the change in the speed of
sound in the if@@ingng &b refiolBHOtheat IQHbRILER IR Whie WRENEAD LA ﬁvz_fvggé on
is sandwi ched between two™ acoustic interfaces at which ultrasound is

parti al pyeserifingbe eagiemandwwbereinrthenetbaasti ang light pulks heh anyidsei widdpsdstantiakpund
conprises; transm tting ultrasound ich is incident on the region prior to
i |1 umi ng?rfggﬁ{hg?lﬁﬁtéamﬁggfeo ‘@ﬁsﬂmi‘%@@%‘{gﬁlt SEE'Phe radiation pul se;

det erm ni ng @efethiiiling 4 Gk EREYercP shithinGhe Feflde} oPa Mt JdiGortlbt thasAedund
through the region 1s a maximumor a mninmum 20 transmtting ultrasound

whi ch i §7avecviesht fitsh porwonr gpresenhfat er first |loestiont inothe ofegionewhidgition regipn fis t he
at |eastone radiation pulse; determning a second frequency for which
reflection of ultrasound through the region is a maxi mumor a m ni mum and
for which thdewaugliengtdacafd ﬁemg;atshﬁmrpihwﬁédﬁmeww d BecohB &R OF thor
the first and second frequencies is substantially the sanme; and 25 using a
di f +8&r etiErspEdNERYP Whish seq05€ pariipndeproaent oF @ sasene lecstion ingibe aegipmat 2 Hme@hange

in the iy icQn. . thod according to any of

cl ai ns ﬁ%ﬁ%?ﬁ“@%%&%c? ao@gtfﬁgt kz)i(éla%lmé’z;,‘asn[ﬁeone effect conprises a
change i n t hesihgeqdiffecsncotn tet fins and dedohatirdguantgr $ifs tdeteRbin® fréfuichdy A
met hod c,%or ding to, claim12 wherein neasuring " the change in frequency
conpr i s&Xt tat ogsuspim thegtiprornd (39 ¢/ loerfion. ing the Kegipk detgeearihe fstaansussgondy e
froma fid,gtnd ransducer towards a second transducer so that the ultrasound
wave traverses the region; illumnating the region with the at | east one

| i gh$ pul se while the ultrasound wave is present in the region and wherein
the at l|least ,one_ light pulse has ul wi dt h subsgantjall 5 | onger than
the traidt & Pt direfihedt s oh blah LoACVaGR gt cheat of the ol leaSt one el

comprises a change in absorption of ultrasound along a path length in the region.

15. A method according to claim 14 wherein the region is sandwiched between two
20  acoustic interfaces at which ultrasound is partially reflected and wherein measuring the
change in absorption over the path length comprises:
a) introducing a pulse of ultrasound into the region before illumination so that the
pulse bounces back and forth between the interfaces and repeatedly traverses the region;
b) sensing an amount of energy from the pulse of ultrasound that exits the region
25  through one of the interfaces for each of a plurality of times that the pulse travels back and
forth through the region;
c) determining amounts of energy absorbed from the pulse for each back and forth
traversal through the region;
d) introducing a pulse of ultrasound into the region after illumination so that the pulse
30 bounces back and forth between the interfaces and repeatedly traversés the region %md
repeating b and c; and
e) determining the change in absorption over the path length using the determined

amounts of absorbed energy.
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determning a first frequency shift in the frequency of a first portion of
the ultrasound wave, which first portion is present at a first location in
the regi omowtiid7es t he region is illum nated; determ ni ng RBCEEaMN740r equency
shift in the frequency of a second portion of the 10 ultrasound wave which
second portion is present at a second location in the region at a tine at

whi ch t firgst rtion i.s located.at the first .l ocation: .and.using.a

it £ or erde. | ik opahad p&ibriRe SaRbnnt ecbBrtye s et B pHERa g «

f requengycatisRbf thetrB@bnoccurs in the ultrasound at a location in the region
between the first and second |ocations. 15 14. A nethod according to any
of clainms 1-13 wherein an effect of the at | east one effect conprises a
change i.n absorptjon of ultrasound o] a path Length.in.the regiaon.. 15. A
reendd Adcor dt Mibet s RRRL: o e SR ERE D bl o dB dBsiod s
20 acousbhpricéitembaadsg altrashindintlthé Bs®und is partially reflected and
wherei n nmeasuring the change in absorption over the path |Iength conprises:

a) introducing a pulse of ultrasound into the region before illumnation so
that th pul n rt . inte 0SS,
repeat odty i FaitRUOEERACE B0l e et dle Aol Bhe Bl AR SRS Wngsoupd,

pul se ofindidldnt anota dedibntand xhdaSurirdpead effe@rof 86 chiMgeugh iteni@cidentt Werasdiiharif aces
for each of a gl urality of times that the pulse travels back and forth

t hr dlgh measkated gy ghleash) ongetlEpseund Hgnedvsemeaspie terfke §9dwuprbibewis thsmetiad
pul se f %@ﬁg& rﬂéa%'ﬁﬁgg dedtit ﬁmﬁe&?e\éecff% &@1&;%@&% the Gt Rst dhe &ﬂﬁ&&&?c' ng
u t te | at the

a pulse o trasound”into e reglion a l'um nat1on so t pul se
30 bounced thedsddyand forth between the interfaces and repeatedly traverses
the region and repeating b and c; and e) determ ning the change in
absorption over the path length using the determ ned anounts of absorbed

ener oy. 140 V0, QR4HLATEBRET 1/ 907 0rc Bin IRHOSMAGE At BpaBYElort e

preceding clains and 1 nc determning a location of the reg
A nmét hodadisttmr achinmyistoa oliaiomatépulber ei n deternmining a location for the
region conprises transmtting ultrasound into the body.

20. A method according to any of the preceding claims wherein the at least one pulse of

radiation comprises a pulse of RF energy.

20  21. A method according to any of the preceding claims wherein the at least one pulse of

radiation comprises a pulse of light.

22. A method for assaying a component of a localized region of interest in a body
comprising:
25 a) illuminating the region with at least one pulse of light having a wavelength at which
light is absorbed by the component;
b) semsing photoacoustic waves generated responsive to the light pulse and
determining locations of their origins;
c) using intensity of those photoacoustic waves having an origin in the region to
30  determine an absorption coefficient for the light in the region; and | |
d) using the determined absorption coefficient to determine concentration of the

component in the region.
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18. A method according to any of the preceding clainms wherein transmtting
ul trasound incident on the region and neasuring an effect of the change on
t he i nci de@n2/14706 asound is 10 nediated by at | east one uPCT/AIOONTIO
transducer coupled to the body and wherein the nethod conprises neasuring
acoust i &3pr opemeilesl agtonding towlgimi Z2gwheatingbe at laast ane lightspulsmempriss eiulest

and t he bady, . A net hod. accordi to.an f the preceding clains wherein
t he at |og§g%5ub#§1%p§§esoqa a%g’agﬁé’flg?ir?ﬁuﬁ%%ﬁ%rses a mcrowave pulse. 20. A
met hod according to any of the preceding clainms wherein the at | east one
pul se of radiation .conprises a pulse of RF energy. 20 21. A nethod
accor di ”d-t o Aumetad @M@n@é@maﬂg@lm@mmmg hdeteggminisg decapinss ful the of
radi ati i ul se of light. 22. A nethod for assaying a conmponent
of aglo gPﬁ%%ﬁkbggﬁgﬁsg1”$”?§rest in a body conprising: 25 a) illuminating

the regi on wifbbussihg| #Astorehie refdtedle Gbarhi @hthdasgidly whivhefeeshgé lbeain W gh
| ight is absorbed by the conponent; b) sensing photoacoustic waves

gener at dtpapergydhaliiy ghifted fram the grlse ppedomfienucaex et thp gt leastiope Lightpidsedrain hei r
origins; i i i f. i ing i.gin
n the. ot gt BREr s ol B R U ol W el DRl 8, ¢

t he regiaoustiartdmal)i; atgl ng t he determ ned absorption coefficient to determ ne
concentration of the cqnponent in the region. 41 WO 02/ 15776

PCT/A®L01/ 007 4l5testing acqystieyavesat éﬁﬂ@%ﬁ%ﬂ@ﬁwn 22 wherein the at |east one
| i ght pul se conprises at |least one train of light pulses radiated at a

pul se repetition rate. 24. A nethod according to claim 23 wherein sensing
and det &5m nikgudtioahacoonding do athef chimh a2-@dcandsdédntprisanpeRlubingiingsts region

focussi ng _an acoustic,reference heam on the region, which reference heam
has. o PPUYAEHES SR ELIPEI ST ft IFRbANT AL S A-TEerPEn |t PEYOARLYSBE ¢ he
at | easthOstelhBRl MbPEoh 'REfficidY 180 1 S Rhstl HRAVERE Yy AREnER t&ﬁﬁ?ﬁﬁ%ﬁ 4 10

that causes the region'to respond non-linearly to acoustic stinu
det 8t i egneentnabion of thawempanent hethefrégen. frequency. 25. A net hod according to
any of clains 22-24 and conprising illum nating the region

26. A method according to claim 24 and comprising iltuminating the region with at least
one other light pulse train characterized by a different wavelength and pulse repetition rate,
repeating b and ¢, and using the determined absorption coefficient for the at least one other

20  light pulse train to determine concentration of the component in the region.

27. A method according to claim 26 wherein the light pulse train and at least one other

light pulse train illuminate the region substantially simultaneously.

25 28. A method according to any of claims 22-27 wherein sensing photoacoustic waves is
mediated by at least one ultrasound transducer coupled to the body and wherein the method
comprises measuring acoustic properties of the coupling between the at least one transducer

and the body.

30 29. A method according to any of claims 22-28 and including determining a location of

the region.
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with at | east one pulse of light at at | east one other wavel ength,
repeating b and ¢ and using the determ ned absorption coefficient for the
at | east vome2/ot7ner wavel ength to determ ne 15 concentr at POVIGN/00He
conmponent 'in the region. 26. A nethod according to claim24 and conprising
i 11 um n80i ng A heeth@D iacsoriinghtoatlalne 29t wherpéin aleleemiding lat lqeatice forr ahen region
characterized by a different vel en t(fﬁ and pul se repetition rate,

repeat i GEUBTEFTdTARSILHRS aﬁ@m\fqﬁ’éto&]éﬁfg‘? 'ned absorption coefficient for the
at | east one other 20 light pulse train to determ ne concentration of the
conponent in the region. 27. A method according to claim26 wherein the

| i ght pGllse. A mathodancbrdinglte akimdier olame 30 Wheytit thrnegmntis &cated [tb wwithiate t he

regi on substantially,sinultaneousl 25 28. hod acgordi ng to any of
Crat i 3905tk P ket e T RERS s it un it S oot oy ar | east
one ul trasound transducer coupled to the body and wherein the method
conpri ses neasuring acoustic properties of the coupling between the at

I Ieast olé. tr a’nmgﬂmdracctgdﬂlgﬂge arody .or Sblﬁa@io whenein Hleairegionds dioatgd tto veihyn eif
i 22-28. i i 1 ni i : .egi . 42 WO
021 15778 THEmY 6 |BOIHE 3 ReEE o et 0 cneSsifer oi n

determning a location for the region conprises transmtting ultrasound

into the body. 31. A nethod according to claim217 or claim30 wherein the
regil8n i38- | odamethodgcogrdisigrio gleimg 7 g claimBOrvlerein thersgionha foosteddo stitdhgeths of
the ultr nd. i I I et i T ording to claim
17 or Cl@?%ﬁg@tﬁ%&leﬁ@%ﬁg%ﬂ% g{rﬁ%c@gﬁggattléés\?\ng %%?%ecgﬁﬁ' uncertainty of
| ess than 3 wavel engths of the ultrasound in at |east one direction. 10 33.

A met hod according to claim 17 or claim 30 wherein the region is |ocated to
within 84 undeeiodt §ecarding dueny ofplame frd? stheraie the et leastupre lighbpulseast

one di r%g&h)gg sa3%11fe%ﬁﬁtm§g. according to any of clains 21-33 wherein the at
I'ght” ‘pul'se =~ c0O

| east one rises a pulse of JRIlight. 15 35. A nethod
accasding to any of clainms 21-34 wherein the at | east one |ight pul se

conprises a pulse of visihle light. 36. A nmethaqd according to any, of fhe
precedi ig- cl a%wﬁﬂeébﬂsl %@ﬁfﬂbm% it%&nMsﬁi@FﬁgZL%% ahegria tthe 2h iGskpRg dighppulse

mat eri al. n%&ea Hor vidbleAi iRt hod according to claim36 wherein a
det er m ned absorption coelffl cient is

36. A method according to any of the preceding claims and comprising measuring

20  acoustic properties of material in the body.

37. A method according to claim 36 wherein a determined absorption coefficient is

adjusted responsive to the measured acoustic properties.
25 38. A method according to any of the preceding claims wherein the body is a living body.
39. A method according to claim 38 wherein the living body is 2 human body.

40. A method.according to claim 38 or claim 39 wherein the region is a bolus of blood in a

30  blood vessel of the body.

41. A method according to claim 40 wherein the component is glucose.
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adj usted responsive to the neasured acoustic properties. 25 38. A nethod
according to any of the preceding clains wherein the body is a living body.
39. A nmetwodz/aoeeording to claim 38 wherein the |iving bodpCT/aLm/obran body.
40. A nethod. according to claim38 or claim39 wherein the region is a
bol us o0f42bl oQdmiethod of 3agihg bderviaisatiresiof hibedposhyprisidg: A nmet hod according to
cl aim40 wherein, the conponent is glucose., 43 WD 02/15776 PCT/ 1L01/ 00740
42. A met hod 38RYingegioneP IaRieibg fepliags frea plyralily phergions #p Fhediody aceidingitdg a
conmponent. ok qhhe {?gl#{des for a plurality of regions in the body according
to any o¥ cfal ms 1-37; and displaying a result of neasurenents perforned
in assayi ng tdisplaydngpansntlt af measnrdretd iperfoofied de atssaymgpfthd kempenémdns &o
provide an jmage of the features. 43, A nmethod _.according to claim42 and
conpri sif\%m@'\‘?é’gf%fﬂl%o W@W%&OQF‘W@%@W% ﬂ%fsé?fy}lfeﬁg t he conponent on
anot her immage of the region acquired by a different imaging nodality. 10
44. A nethod according to claim43 wherein the different imaging nodality
conpri sés. ulA nmetimdratconding togrlainb42 Andredrhjprisieg ovarthying the imbgd proviadedritbm
conpri si n% usi@]g a_sane at Iea%tf' one ultrasound 15.tr. nsrriiiéfer ﬁr. .
ul t r asoGHHYUEn U CPPOREHL P ABGFH IPRES P#r&&ere&%\/%aé’émflr m 2SS ETh M FHBS
corrponer;ltio@&qlg,.the ul trasound i mage. 46. A nethod according to any of clains
42- 45 wherein the body is a living body. 20 47. A nmethod according to
cl ailth 46 wherein the living body is a human body. 48. A nethod according to
claimd4g6 or, claim47 wherein the feature i.s a..pl aque deposit, in a blood
vessel . M5 A gnethil orsiREclonrith o Bhtieth Hk Bl ekl Metald; SR
conponenfltrassuhdimagghol esterol or oxidized LDL chol esterol. 50. A nethod
according to claim46 or claim47 wherein the feature is a tunor. 30 51. A
met hod for detecting photoacoustic waves generated in a region of a body by
light c@nprigsing: 411 umnati { iLon.w th .nul e |i a
pul se ré%'eti tll§on OrJe%CS&e;@E%a“{Oo&ﬁale%‘g‘F‘%‘f%‘%ﬁ%@%ﬁg ¢ fsg&ﬁ/%gééggﬁ 0nrlét "r%g%sro%ldon'
15  transmitter or ultrasound semsor to acquire both the image provided from assaying the

component and the ultrasound image.
46. A method according to any of claims 42-45 wherein the body is a living body.
20 47. A method according to claim 46 wherein the living body is a human body.

48. A method according to claim 46 or claim 47 wherein the feature is a plaque deposit in

a blood vessel.

25 49. A method according to claim 40 or claim 48 wherein the component is LDL
cholesterol or oxidized LDL cholesterol.

50. A method according to claim 46 or claim 47 wherein the feature is a tumor.

30 51. A method for detecting photoacoustic waves generated in a region of a body by light
comprising:
illuminating the region with pulses of the light at a pulse repetition frequency to

generate photoacoustic waves in the region;
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44 WO 02/ 15776 PCT/ 1L01/00740 heterodyni ng the generated photoacoustic
waves Wi th an acoustic reference beam having a frequency that is shifted
from t he wabzes7repetiti on frequency by an of fset frequencypCT/mam@oniet ecting
acoustic waves at the offset frequency. 5 52. A nethod according to claim
51 wherein heh@cmdyrunggh@@m@ésphmsusmg whees wiohuay aeousté eefemanee dwam i n

TL‘GSLE?: B P iertd 4t it Sy T B 4 pllg s HOR SRy 1§ o BB B fpen
stimuli.ag0 45

detecting acoustic waves at the offset frequency.

5
52. A method according to claim 51 wherein heterodyning comprises focusing the
acoustic reference beam in the region so that acoustic energy in the region from the reference
beam is sufficient to cause the region to respond non-linearly to acoustic stimuli.
10
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