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concnt r oingthe dightypulsessie absorbbd bwﬁlmom afl caygicdad 40 kinsfit enengptin 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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af fected by unknown vari abl es that substantially conprom se the reliability
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the located at | east qne blood vessel. In enbodinents of the present

i nvent i gA2IoRIRE agrerroavdody. Shiepra Wloed andointarstiind flyid indssue aear the swrcsoft hat

radi at e ] i P : n

Sensor  THAreEEE Bt B Rl AEHIRR o dbe Attty EShel Fhotly 8P I e,
or 30 t rifeedri Témeskrimird 0Atthy eissuenintlvasdioghd dddieased wgelivatlgrinl exdahaes withethat
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whi &0 i n tur nAnsispect afiseme ambbditentsadfi the pofsenthioventionantatestto pnowfling ayhancose
in the bolus. At |east one chan I nan acousti.c propert f .the bolus
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phenomenon i sApeaspesinefdseine ientbodiments watthe present knveplion gelates Hot provising east
one

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
present 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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t hereby the concentration of glucose in the bol us.
Reflections of acoustic energy from the incident ultrasound 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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25  pulse of ultrasonic 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 that
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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previ ous, paragraph that the invention 1 Sis not, linmited to assaying hl ood

gl ucse. Imafesan LY Btelensty pecautes M PIAFORRGTd 38 EredBinedsnce Sitfgrnces helen itance
wth an HdRshe O efiths sRIeSTRY bdIViRRh @R, absorption coefficients of

ot her substances 1 n the blood are éeterm ned and the absorption
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gl ucose BazouRd i ?%‘r‘it,edit}i;f'o :_&’&ﬁ%@}@é%ﬁ?ﬂ#%ﬂﬁ%%ﬁ?dﬁﬁ%? IIb&‘et Bs50 present
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o
bolus are determ ned and nmay be used to estinmate concentrations of the
conp¥nentadud 5 exnoseblaighe 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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5 conprises a change in acoustic energy reflectance of the region.
Optional ly neasuring the change in reflectance conprises: reflecting at
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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 €)

using the determined absorption coefficient to determine concentration of the component in

the region.



illumnpnation for the region fromthe transit tinme difference; and
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first transducer towards a second transducer so that, the_ ultrasound wave
t r aver sgkgion; 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 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.
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concentration of the conmponent in the region. Optionally, for a nethod in
accordance with an enbodi nent of the present invention, for which sensing
and det enphighipg;Locations for the photoacoustic waves conppirfes do@RUSSi Ng S
an acoustic reference beam the nethod conprises illum nating t(1e region

wi th at |east, one other..light . .pulse train chapacterized . L fferent
wavel angt b ard i cetggarts po et Aty i Hh8oh i e peipef o

det er m neduais@fditeNac ¢didh irasiuniides daRteligt refleatsd 200 emedshiehg ke bharpeliae
train to determ ne concentration of the conponent in the region, .

Opt i onaldpged pheoundggemppines etranseitting idirasound sdichoisdneidprtron thhiegionl preorttpai n

of the o getifoR FEURTI LB IS toed Pud b bRATHS bbb R BB ™ ©

| easts onfer witiciaseleaelon loTnie utedsotal hretet ehd Repidi0dhy a afigkivhier et i indnimet;hod
conpri ses nmeasuring acoustic properties of the cogﬁl i ng between the at

.| east orfeansmiing ybeasounth whirk 15 dasident on|the segien afierodiimination of tho eeginrewitht
i nventi J . det ermi nj ' '
opt 1 onal Ty Aicbesf Sl gt $458; Seleblil BeRonEERLUARy Hor ot SIRpn of
ul t r asouwttasonhé tirbeglbtdyregiontis @ padxintumdetaemhinimimiand oo adidhothe fraivelehgthrafgi on
conprises locating the region to within an uncertainty of l.ess than_ 5
wavel endirARagston peulifasqunddp fep sesiontion g dirst 3nd sefond dieppenciosds eybstaghally the

det efym ni.AQG. A : 4 ' i Al d [

w i 2eng: B ARkt erh 06, 8T kSR8 (bR £ Bihecy,

| east orthe dpgedof samd ifhe @giinl y, determining a |l ocation for the region
conprises locating the region wi thin an uncertajnty of about a

wavel engt h of 0 s, PRbadiEnFEs 9%3@tpm$a§ﬂHV@ﬁ€01ai%e¢f%rﬂf tL’f)taF st Pye effped at
| east o ' HofcTne M Surﬁi; | tonally, the at 25
| east o@n}lﬂlrg% a%ngg ugorrpréiqsﬁglgcygc}fgﬁaée 0 m\%ﬁg‘ﬂgﬁgé fhlegﬁ%lbﬁl n some

enbodi ment s oPptidmllprmessating theeditangnin frogueney hampr sesp trinssersittingeai mltragpund

acoustic propertiges of terial .in the body. Optionall a determ ned
Absokpt | WAV A AT dFAnS e YRS coR b Bsliest B T4 dhe Hilranqad wawe fraverees
properti T AW : j t1;d oY i

v ng bagy By iERIRIE WARBIGR ity It BalO i AR vt (AR o
enbodi neintpseseiit in liee pgEnemd Wirereintheat, leashene kgfit pulse hasa ipolsasvidth sobgantially a

bl ood | of the b . [ || t h t i | ) WD
ot 7577 Sonesr P AR R e Of o rson tiiret P8 PaGR: arfrduiert i Feapeitan
enbodi megHift f tHeReqRERSIHa firdhSIMibPBS the ultrasound wave, which first portion is present at

20  a first location in the region while the region is illuminated; determining a second frequency

D

shift in the frequency of a second 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 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
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a method of imaging internal features of a body conprising: assaying a
conponent of the features for a plurality of regions in the body according
to a methg@ gfispgcordance with an enbodi ment of the presemicriipygmbien; and
di splaying a result of rreasurerrents performed in 5 assaying the conponent

Foat ur odor R 1 2bied it T bRl BB Py B OO R B st

f rom assayk rh@dtfbﬁhqemmale tHro@th ﬂi&ofeFﬁ)h dﬂ&lﬂﬁ)dﬁfmﬁghﬁ PR cfMulaesbuing Setodthea
different jma modality. Optionall e different imaging nodality

conpri sE8gigpt % W@tw%@at the pgbﬁ@ow%@aﬁémcgfqﬁh betweer Bisdnterfressaandi on
a sane a d Mol U sed
To acqu; TR RN, G RN BRI Lol ol id 27 Wlinikn s B Chodg? M
ul t r &s ousbdorptiag everlthe path&ergﬂ’omﬂmgrmetdsteﬁﬁuiehanmnﬁts@fhbmwmnefgy the body is
a living body. In sone enbodlnents of the present invention, the |iving

-body is a hun@roBwagmbedimeniae! dhaBresat inventon. the methed REMPHFs Mefeamning a
feature p f
the. pr ossetaRBSEREPORLindl) Bicaith R D i thq e TonaRaL IR i
chol est erltrhsouhd irto thee terdyodi rrents of the present invention, the feature is a

tunor. There js further, provi i n accordance wi,th an enbodl ment of the
present inve iSBWeePnﬂ?ﬁdeBEPt? 68 Hﬁﬁﬁtl%&%ﬁ&%@%@b’@l@@é%@d ’@‘é’rﬁigma?fé@lei n a

regign ab bef R ?)ﬁlelﬁé’urhiggiﬁtef?egt GAPER LD 8n tﬂel ihssb ARl A uh DR Iﬁ@tﬂét@ﬁ' bWa{ Reast

pul ses o ht at” a pulse repetition frequency to generate
phot oac mmtul’camné ‘sransdlmttecuup@d do thmlmdyramdwhmgntth@n@ﬁmdrmMSWMeamngs tic

waves wWith an acoustlc ef er bea hav a fre enc at is shifted
f rom t heeBBTEETPRBeS ¥ (bR CqPlGE BARFER jhoc | Gigednd B b ger ect | ng
acoustic waveg gémé NEnfdmits forfe@l'ée]?}]%yent %érﬁ’ﬂ)ﬁ' lay . 1e£§%t(§fe°ﬁ1)ﬂ'§é NG CddidionSes

f ocusi ng t he acoustic reference in the regl on at acoustic
ener gy igompivises egnmmvfrmmlﬂweln ebme entedivesnts 0§ tlmupresemt anvention,c sfukeesttdue

nto re non-linearly to a tic st SCRI PTI ON

& s RUE P FREsRE eoriiiet e mitoe A kel b Sorhe OGS o ik PoRedt e
descr | beidvafioaMnd At Wabtbne QLRE 8P FRiAdn lcbAfiss Aldlacdrakhbereto. In the
figures, i dentical structures, el ements or parts that appear in nore than

one figure ar'EhegerSeiﬁJaﬂhmypmw@ed dnl agdordanch witheaneenthodiment afthepieseriténventjom.es

whi ch th Di d. f h
gur es PETAGSE R YL e TRIRRRER of n R RRS S irEliht Boed RO REHe Lo
necessariilnisdtiagihd feghdatvith af hastf drdyile Eriisht hﬁmg abgdvel¥ngidat wMYPIRR{ £5776

PCT/1L01/ 001740
20  absorbed by the component; b) sensing 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 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 illurninating the

region with at least one pulse of light at at least one other wavelength, repeating b and ¢ and
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Figs. | A-1C schematically show a gl uconeter neasuring a person's bl ood
gl ucose by sensing photoacoustic waves generated in blood in a region of

the persqpos2p9gy by illumnation of the region with |ighpcehsaihed by
gl ucose, in accordance wth an enbodi nent of the present i nvention; 5 Figs.

2A-2C sche ow a gl ucopet er bl o ucose b sensin
0l ¢ 1 as o dBEEF PaeriaR, SpogHH B OBHcioh (B AR ongiotie: S ERBOA I SRETRRet he
present Cbﬁé@%ﬁ%ﬁ&{]@fﬂﬁbggmgéﬁlﬁﬂﬂthggegﬁ&bemtI cally show a gl uconeter

measuring bl ood glucose by sensing cthanges in velocity of sound in bl ood,
i n accor dancéptionhllyrfor apofhaerkeint acofrdatee With pn esrodinient ofitheqmeseht gevention,

hemat ical | v, sh t | b i ng Doppl
ohitrs i bR Re e e LotBan foo AtsdreaRI Ve BBt e Ry
rapigly ahe@beﬂlcmeféréﬂdéraeaﬁt 'tlibﬂm\éthbh dobriPfsePImBLiRRthDHe gégisﬂ%ﬁth bt"least one

accordance with an enbodi nent of the present invention; and 15 Figs. 5A-5B
- schemat iolir | §ehd Hssea trginy clmastaizednetys ar dififgrent ocavelpngthosnsd lpylss aapetitpnDepp| er
shifts in ul.trasonic vest smtte hrouhbl | ood i S

ot ng_hesRBlibg 5 R € A tihehE B RhioER AbRERHHD cdr RO B Mo et B o

wi th anphbpdise®ain & détheniné eseRhtrhtioreet tlférbonﬁi&ﬂelﬁl @sthe @4yioB h‘tﬁﬁﬁyl el Iy
show a gl uconet er ~assaying and imagi ng chol esterol in a 20 person's body,

i n accorighhpslsaitrain and afilesdt mpﬂ@f light pplse $gin iliviiapie) the regdprr Apbstamtially
DES I PT{n%tag: ODI MENTS Figs. |A-1 C schematically show a gl uconeter 20
uring a persofi's bl ood glucose by sensing photoacoustic waves generated

l n bI ood in dnpsvite 2hbRbinidits RET e NPresdRd ditventidnAGEMinta RBStoAbJURti @ waves is
enbodi ment _of the ﬁresent i nvention. G uconeter 20 conprises at |east 25

one ul t ragsiated by ek eng ulfrgsound |tragpducen coupded® tha Hody ead vdetein ithfmetod o

cont rof Sormavey Beokahud f PG B EMEE SRR Re PR oACp

| east on@dyhd baound transducer 26 is acoustically coupled to region 24 and
is used to profile acoustic inpedance and velocity of sound in region 24
and Pdent i fy lar¥meoeabedimgnisoft the asesept iyentieyithe %Félilcr@gumw&eemlm%gu ng
t echni qyg, “ﬁlﬁé i

uItrasogn 1??%%?53{%883 QB%&&?'Egﬁeﬁ% tldc?t;&gﬁ tﬁé% cynw. eas‘%r one ltr)lﬁood
vessel Zﬂtrasouh«bdyoﬁmhod% usi ng nmet hods known in the art. For exanpl e,

| ocation of Db ood el 22 can_be gerff ornmed by detecgti r‘ig Tjp;pl er. shift
in ul trasoundptana Xi qexpmg%gtqqéo 1_4 n for the region comprises locating the region to

within an uncertainty of less than 5 wavelengths of the ultrasound in at least one direction.

»,""

20  Optionally, determining a location for the region comprises locating the region to within an
uncertainty of less than 3 wavelengths of the ultrasound in at least one direction. Optionally,
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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WO 0211577G PCT/1L01/ 00740 bl ood vessel caused by velocity of blood in the
bl ood vessel, assum ng that a conponent of the velocity of the blood is
paral | el W@ ¢gght#sgsound incident on the blood vessel. O, Legald@Rf 2

bl ood vessel can be performed by sensing reflections of ultrasound from

wal I's of the l.pod fﬁﬁﬁéglroviéecﬁ'gﬁggééér{ @é‘%t‘]ﬂ%ﬁ: eﬁxﬁn&}dﬁé&ﬂ%@%&%ﬁ? ab:ﬁtz&? o

configurations of transducers [ rasoun met h
use i n prmethodiafgntagmgpméssealt featnxes nifi obodyn cothpdsing: negsdifigpd coagpabst @ the
known in the art. At l|least ane transducer 2G.may conprise a single .

tr ansdudeiias 16 PN S 150K O a0y SooReintaitst MOSCLP ST Wy
conpri s@udhokifthditiof ehey pREE: |in\téhﬁﬂﬁ;déiﬁedisﬂl]§ﬁﬁg 10eRff &Pﬁl@&u?énéhtéjﬁért me@YhCe

.when generating ultrasound waves and perfoorims as a point senso at senses
ul t r Asowsshywyibs dompanem| asta foektjon af eatiad pfithergpieons At provadst amieager afithducer

26 may rise a shaped transducer that,generates a col]i.mated beam of
ult r aso s contRlE YaF me R R red Ol bF yae Plovidsi EPms gt e

| east OR@nipoAGEdbe BnotRY 1RRBP dSthelrdgRs QelnAtctiaty o did RS Bhiehd AOBEUEer s
t hat can g%bcontrol I gd by1 c_8ntro| Ieerr 30 tgqgeener%te ané steer a | S qbieam of
ul t r asouPptionally | thes tdifferentt risnagihgc enodatitymegonyuisps i wlirasoupide imegieg:t rinc some

t ransducer. Ogr ot hgj;cgtransducer known i art ... such.as an_ "o

h i | "
Ll £ 1 aso ol B e et BE iR e 2 (2o ieoina Bindrer St widiomd, | ¢

energy. seidorGalused td asQuUATLEthaMS duaps %r&ﬁ@eddﬁ_éﬁf hd@fink théRopbh &t Cardnthit | ed
"Theory of Detection of Shear Stress Pulses with Laser Picosecond

Acoust i dBtrasopyd mageo Mat suda, 11th | CPPP, Japan 2000, the disclosure of

which is incagrp te ' Yol eference, Such transducers ca ovi de and
et sct ul tr B IR EReREr LG ot FiSERBEeniia Bl PEE el Srhe B IS ot
embodi nesodahedthief Mk pe@Bht ihvettith] BB lisREHoky HSHUES Bodf € used to both
generate and sense ultrasound waves. |In sone enbodi nents of the present

i nvention at Inewsie apbetinents afghe peeserthawention, eedfeabire inaplaquedeppsitsuad i s
not ,use 0 | t o] cln Fi 1 A - c.and figures_ that. f.ol A
for lgon\%éé?de??%%gf Hlpﬁé@én%ﬁ??dﬁf ntgtgféhfstpreosﬁlit 6‘?‘?‘“’?@%‘&%& PPERTETE dF legﬂ’u S
assuned,chblesteryl opfoxtkastipl BL. dholestetdl. I sonsrbrbaditheaBNsTahe! bids@s Gushtiafdthko be
controll able to generate a collimted and/ or focused pul se of ultrasound.
In Fig. feUEdnetEnPar 30 controls at |east one ultrasound transducer 26 to
transmt at | : PN : SHR) L1t

part 24, whi crﬁ%?ﬁ %S?ﬁalggu glgl%’gﬁ itaga}rgépﬁrcgggﬁ{ aeﬂéérbga/ ar gﬁﬁd?%gggegs%ﬁ gé}g@{
Sone of 4 hetlenkefgy detactatg phetstconsiic wdavea enerdtefuinse Bgionsof af babt g figlnm a
Ioc%{oi zed re ion.§6 of  at | east on&1 bl ood ves 22 and returns, to at |east

el
one 4r arfOMREEIE) glunaingting the gesian with pulses of fhrlightat auiisdepriiton fipguenay 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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WO 02/1577G PCT/ 1 L111 /f107-40 A reflected pulse 38 is sensed by at | east
one ul trasound transducer 26, which generates signals responsive thereto
that the wplghasaynd transducer transmits to controller 30pcEaphi@bier 30
processes the recelved S|gnals usi ng nmet hods known in the art, to |dent|fy

and | ocate at 2. For exan
b1 00d 40, moviig Ry LE g REy Rt e efitomeRt s LpdSa TRude i Y
conponertengig \pﬁbﬁﬁcéusu@afvwdsebeﬂe&tw ks ehlSa @ d Qégle@tcﬁdtﬂéut)eeoﬁg bddef bgct ed
pul se 38 may then be identif ied as ori |nat|n in at | east one bl ood vessel
22 by sdHemingtien pbpisitegios nyith light absasbedely ehlp@a@, puacserdenesuwith ag emmhodinéns
pul se b .om bol us 40. The |l ocation of blood vessel 22 may be
.determ ﬁbggl%férg;elng&t%ggng ’apse between a tine at which the pul ses of
ul t r &sound V\mges 2322@r ehematicaily tshed fpthcamicicimnakuniy blood Galikre 8T seakingt ed
uItrasound pu 38 arrives at ultrasound transducer 26. |n addition,
-refl ect éd geflectiony fomshlopoi raspordangeo Matho pn eerabefimenty 9f t thgnBiesat ed
pul ses qgvggmﬁalls of at |east one blood vessel 22 as a result of the walls
havi ng acoustic i npedance different fromthe acoustic inpedance of tissue
adj acent to tHigs.waA|ad BB sthembticdlley stowead ghadmetse mgaasiitimgmbidod ghgbseobe
ul trasound pul se 32.,is not only 15 reflected by_at |east one bl ood vessel
22 and fseatig shangee in elocity qjesaé%rm bigody &y apsosdange Widnae exhodimentpfdhad
pulqg 3ﬁxé§mfﬁ$&ﬁﬁ)ed by tissue interfaces and regions in body part 24 in
acoustic [ npedance is changing rapidly. Tn sone enbodi nents of
the pr esent |ngsan4|sohemetmﬂgysh0|wst meglnﬂﬁheiezt nmamﬂrfgabldoﬂ ghnts@dbpyseakmgeast

one transducer ed to deter cou p ert ch as
exanpl e ety %eﬁtaaﬁeecaweéﬁ %C,Seie ﬁﬁoeanwﬁl?gfhez °P€g‘ﬁ 1& Fﬁpyﬁwy
part 24. hehﬁd%?/rlﬁuﬁﬁﬁﬂ‘éih VRO B }Rfabgd?ﬁed)ﬁf?ﬁ@6sel Hlvé‘d%fd%ﬂcé‘grﬂﬁ%' ?M

a coupling o

refl ections e used to dete mne aco I'C properties o
| east ortke preaerd davestio®Gntlo body part 24 Measurenents of the acoustic

properties of_..bo rt.24 a t he i ng of at t .one transducer
D585 < he bodjEpata B ifzedilxrhar % afigpielr” facsutng bEGA Hectse Boreainen
measur enBéfipler-shdts thMh1SATRICHRRL iIRGhFe@ thiohigh Blosastile thY 8Nddap befﬁgtﬂeﬁi@ﬁund

generated by at | east one transducer 26 has a frequency greater t

I'n sone wnibainatimmswish light absarbashby igheess, il racedrdarioeewitie aoyenito dimbst efitheal | y
equal to_or gr eatter t%‘}?ﬁ]n | OVHz. Sound propagates in body tissue at a

vel omtyp?ﬁe B per m crosecond and has a useful penetration depth
for detecti orpigd. e‘Ae-sBLsrcﬁenaﬁbany $E6 .2 EdihetbiSasshyThy afld PvagiBls @hdlehierd] and
decr eases as frequency 30 i ncreases. For an ul trasound frequency of about

| OVi4E,  tisesosberErg rrcasdange frithsam ambogiment of e mysenhwew@mtmducer i s about
0.15 mm and a usef ul Qﬁﬂtlﬂ‘ 6@%']5{&51) this frequency,
gl uconeter 20 can det@rﬁmﬁ#}%@gﬁ on ofleﬁ\{ east one ood vessel 22 in a
direction al drigs.viA-t@Q schemiticaliy dhuse s glucaneed: 29 médsﬁﬁﬁg)u@drswlssoeéod/\glhtbsan
accuracy of apout, 16 WO 02/1S771 PCT/1101111117~0 O. e. about a
wavel engBhfensiig RisieaceRHisd VAt Sengtatedn pload dhta P @ft q’foﬂpe neff%m)@s@dn

ul t r asoundoabh REHitfE 2n Anfbofifthd y 5

di anet er o? E]ltl)out”? %thﬂggi’cgéjp%ger%tﬁﬁeg?lg?eG aéﬁg%étzp gfoﬁirp%% gﬁt Eﬂégén and
penétsr at cbmemlttagmhd mﬁﬁdmezem at light coatce 28| thatcb1mdesehghtM\a| weyelingtnai which

typical of d| of bl ood vessels | ed, by .5 way of exanple,
per son’ shgbrtﬂ% %‘T"QEV rRlegosg 2gd i G‘?Iﬁmiiieb%l at comiols the pteleayt q;weulg]amg

vessel %ﬂa‘&epmhleqf%g;%mecontrol ler 30 controls l'i ght source 28 to
iIIum' nate body part Z4 wth at |east one pulse 42 of collimted |ight

"ai med" at r et lsast3deaftraspuhdtaisducee 26]ip acbusticalyl copfled As régioh 24 pud mus@a

enters bod rt 24. tissue in catters.the i

col 11 mat ScPep B octic HnEeiife? Pat SRR or shind B beelid 22 05, FR sy i ofe
penedy at Rstuekdanelie fegich LAY uPAEdund 4miabin F'tbd]ﬂﬁqﬁ% afd afRHdds kaawh A thearinB of
tissue in the bodiquart 1n the region of bolus 40 a volune of tissue

gr eat er RAGHGRlaThat legptupre blftra&mdstramdu@r 2R ig vserhteddentify prd {qcateettoleast namen

1 umi 808 Sp8pL2¢ L bFey Bk Al Bbar 180 1R W her P Befolel tonBigh 3G on
of ti ngﬁogiv&@dﬁmﬁﬁibe %érfoﬁﬁedébyf dsdttihg apjtiﬁ)!h'ﬁ@mlﬂﬁlhllﬁtrmtiﬁ&eﬁ%ﬂteb@rom the
gener a

(W)

a
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15 light pulse 42 in |locations in body part 24 that are not restricted to
bl ood bolus 40 and the light pul se may generate photoacoustic waves at

| ocati onsygybsiaptially renoved fiomthe |location of the bregchiagiss. In
Fig. 1B, lines 44 schematically represent an envel ope that defines the
spati al . ext.ent of at .l.eas onScHJi hi . pul 2 perpendicul ar . tq the

T ect i Bbegresed el S Neloy grhoI ohihe Mol St gttt e CatrPomay a8
body pastie vdodifyifaRs BlobatiepahllSiRG affhstehdoincidbntZf the ddodonRsdl] @R todibA @ 42.
It should be noted that whereas |ight source 28 is shown, by way

of
exanpl e 2 blenshvassel gan he perfermdd by senaingueiiectionnetivitrasound finrmn evallp @sithe blagd of
| i ght source 28 are possible and can be advant ageous. In sone enbodi nents
.of the BFﬁfgnt i nvention, for exanple, ultrasotuzd transducer 26 is forned
withsa hol e MNfindrowhtand Ovirfed ZRrabGundo Hahddeb@s, tonfigiamedtist of itk dupelss @d 25
t hrough the hole. Transm ssion of |ight pulses through a hole in _ultrasound
. t r ansdudlrasoendrimagingmethods swifabls fagise ot praghicingriepresentanyanson And A9qebng on
of a "fiel i W t ransducer in body part 24 in which the
tra~.is§§§§Pg%%%%%%%n$%%%g&§fhbf the body part. Furthernore whereas |ight

source 28 is Aghrwt age dragbdighbe 2bi glay codmprive, a |shgié tf@wdwrer 28 aplueditpofse a
plurality of |light sources that provide |ight at wavel engths suitable for
det er mi HiepgflugersgAdcleas snbansdnesti ¥n may esnRrise4d relajiyely 1smealk dqapncet that y

sho p i G ' r b t L

ci 1 oF o PARREPHOL b YOG it EhcBl e RRGRRT bl MY Borlh of RRRAR S |
| i ght 4Zhat Aensenokrasorid wavesdntarrelatively ddrge solidangid Atfledsd one nddacei 26cinep
schemati cal )y represents Io&gtion of 17 ... WO,Q2/15771 PCT/ht(l [ (1(17~(1
an or i gi*ABFSe 2p1aperh &8l b genangless agtoliimaied meame of iufigaseunds gnd sses wi t h
dashed [ e I p J e at ed
by absor L aa b SRaeEfly bt fiRAT SR REIGSFONS rhiail Hie) Bhodie®s ROBIC
vessel 2zapod uhmkomdibansGatersSthatdancieneantlled by comttelker 80 dugenstats and dteder aes
sch?natically Eepresents a phot oacoustic wave having an origin in bolus S
40. 101 ¢ PsRB R AEEsANHucer 2b senses phot oacoustic waves 48 and 50 and
transmts si i it h
an enbodi rrentgdwg#a a%% ’Zég?’é%g%fr 2?25%%@ n go?t?%iglqegﬁc?}g&a%%de% ﬁlpﬁtgépgﬁﬁggéé%i on
f or thekoowgiin thd agasichofs phtoptiseld udtrasoundh tressdaserathdt @D vess pylsee stiloptcabf

acoustic_cali.bration nmeasur nts.performed. previously.and noted.in 10.the
i Souss EBHES R A0TSR e PO RO E LA CaRisE 18 SErreoEnenes gl SiRd

locat i 0mTﬁéor?O&ﬂ@eéeQﬁomftQhé&@sstfk@& Frildel St ITobO PRda¥ecodd ABslistigiethy 0. Fi 0.
| A. Methods for determ ning the |ocations of origins of photoacoustic waves

gr e2|6esé\ﬁittb‘é€tﬁ]:i1r1ﬂP@@PPBbIJhp&’t iZQQO,V\tbegQi/Sqlt!a_ure %fnw ; IiBati@fml'P@?EQSh?Gl@i@, by he
- i - at ' g t 0,
S o coo HhEreagt, ok kR G ok BREE B0 ASES i Btub LG IER B yin 30 pios Eond o' 4

S abl e gmgéuacgﬂilsm nat e bet ween phot oacousti c waves that axe generated in
bol us 40 and phot oacoustic waves that are generated outside of baolus 40.
Control | er 3dndemer pmbedimentst ofpfist Ryateat daveation yams gransdycseateqused t9obafs 40
and t hat 0, j r i f .

ccor dafSao AR GRHER BTR SR nMbaRLaL BE oft profil EEflion Bjpast
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G ucose has absorption peaks at a nunber of different wavel engths that can
be used in the practice of the present invention. For exanple, glucose has
absorpthmomg@kﬁﬁln the md infrared (TR} at 9.7 mcrons ipgrhh@/@eabi nation
region at 2.10, 2.27, and 2.32 microns, in the 30 first overtone reglon at
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mavelength for the light at which only glucose in the bl ood absorbs the
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det ecti o i&cdgite, in accordance with an enbodi ment 30 of the present

i nvention, assume that at |east one light pulse 42 conprises a train of
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of the reference waves and t he envel ope of optical energy of 10 |ight

pul ses 42 at bl ood bolus 40 are stable, the coupling of the reference waves
and the photoacoustic response of the bl@od bolus will generate a

"het erodyned phot oacoustic signal"”. The heterodyned phot oacoustic signal
wi |l have a frequency substantially equal to the beat frequency of the
first and second frequencies will be transmtted fromthe bl ood bolus. The
pressure anplltude of the heterodyned S|gnal |s proportional to the power
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bl ood bolus to couple the photoacoustic response to the reference acoustic
beam The coupling of two acoustic signals in the human body to generate a

het erodyr\g$0§} ghgl is discussed in a book entitled "Physi gglkdiidpsasoni cs”
by Robert T. ééyer and Stephen V. Letcher, Academ c Press 1969, the

di scl os of Wwuch is incorparated herein by reference,.25 Calculations in
the boolt- Fitindbe oS Earaeidli, B e rbodimes of ghejresest ifySpych Tanftniye
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interfaces between walls 41 of bl ood vessel and bl ood bolus 40 to
det &0 reastanabghtarise 42ner gy refl ectance for the interfaces of the bl ood

vessel walls I . . i B, .contr er contro
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| east one light pulse 42, and_.as a result, the. .change in_acoustjc energy
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I n accordance with an enbodi nent of the present invention, a change in
acoustic 5 energy reflectance 4R of bl ddd bolus 40 resulting from "heating"
by at | east one light pulse 42 is neasured by reflecting ultrasound waves
frombolus 40 after the bolus is illum nated by the at | east one |ight

pul se. Changes in DR are neasured at each of a plurality of different

wavel engt hs. At each wavel ength an absorption coefficient ab in blood for
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Fig. 2C schematically shows gluconeter 20' neasuring acoustic energy
refl ectance at interfaces of blood bolus 40 and bl ood vessel walls 41 after

the bol u%biaq@% ed by at |east one 20 |ight pulse 42. |npErgroidfrs
control |l er controls at | east one ultrasound transducer 26 to transmt at

| east o . 1.7 asou | se. 4 h | Scinci dent bgku wnEner firom at
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Doppl er shifts. Fllmgs. 3A and 3B show a gluconeter 21, simlar to gluconeter
20, oper energigabsorkeddyya yraienebtissie dhah generates the plefosppustiss wave isndescribed in

ul t rasoi ui,d, wave, r bl.god bagl us. 40 whi l.e .t.he. bl ood bol i.s Jbei heat ed
by 1+ g USRS Zoams G 8 S i fisclomiteos ks B st 1 trlEmmfe,
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light 24 WD (12/1S771 PCT/1L(11/(1(17-40 pul se 42, bolus 40 expands
rapidly. The surface of the bolus noves outward fromthe bolus at speeds
close to the speed of sound and generat¥s a phot oacoustic wave. Energy from
ultrasound pulse S 1 is reflected fromthe rapidly noving surface of bolus
40 in an ultrasound pul se 54 havizzg a | arge Doppler shift generated by the
velocity at which the surface noves. 5 The intensity of Doppler shifted

pul se 54 is a function of the energy reflectance of the surface of bolus 40
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V1' O 02/ 1577G PCT/1L(11/Q(17.1(1 known in the art. Methods for neasuring
transit times of ultrasound pul ses through tissue are described in US

Pat ent 4,\9(582,9%96 t he disclosure of which is incorporatedpbgigiioy
reference. In Fig. 4 controller 30 controls at |east one ultrasound

transduges £2rbQeh RIEMA NewHEbRESA W&%&M&i&l&&ﬁﬁy Wl @enPRABSSS

t hrough bolus 40 and is incident on at l'east one 5 ultrasound transducer
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| east one transduc the path I'ength be represented by a variable
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and 64 bef o c14 PARAREE 66 UK U 5 ok BELpbls Poisatiadbinto SR dageiy a
time t0 g et afboFRion T Batodidf idnobed
(17,10 b gyl g et (i of £ g et 08 ook
(X)) / CO 2oayBtim lorss seetorQifigli@Oe (f) BEht) dtdke waveleniih wxight 55 iabbmst one HIE( x) ,

o6k | SuifieyoReed of sound ot Localt . 2cehe ol P5PLRNS A Budifire ofRe

amplitude P of photoacoustic 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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OC(xb) can be used to determine the absorption coefficient in blood for the
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bol us caused by the absor ener%y For water, for exanple, in a
20 to assay glucose, in accordance with embodiments of the present invention, are readily

available. For methods of assaying glucose, in accordance with embodiments of the present
invention, such as a method discussed below with reference to Fig. 4, in which continuous
illumination of a blood bolus at desired frequencies is required, filtered lamps can also be
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,

20



tenperature range fromO to 100, ~C ~ 4.9T. A change in the speed of sound
in bolus 40 5 as a result of illumnnation by at |east one |ight pulse 42

may therefr@ kgewitten (for small tenperature changes) yermLot/00740
B[ (1/Hp)(loie ad)ab], where B is a constant of proportionality. Fromth

e
expr essi oo =G 1 1q ] atn 3Gl rd I L0

ot 11 o dhieh g Fpada b pRSAHNRRM, Asslitic RLRRS 0 ANES 1 Anb B ANETIC e, |
t he absasuffidientlyciarhbed sd that infthé picbenckiof ke refeneree acknisae Manedtht biond¥slusliths Tn
accordance with an enbodi nent of the present jnvention, gluconeter 60

det er ni reSURBIIgE S1onrmeak EespaRses HFAOUSHS bBIL 488 2 de58Y> haiRgeaustis WAvSsi t

tinmes, f | ur@) \O%ép : b 1.1 r :
.determn e%lt"légn%etgb?&nx?ﬁfg 4sp eh&&% LQ%S%& étrgglg@{l gt?ar#] %@%ﬁgg@(ﬁ %??%ﬁt&hﬁd
coef 5 cifeajueficy ofthehligt pubesVimy ate adtdrdioandsau e thet ineenaiby angtftegqnency of the

coefficients to determ ne concentration of glycose in the blood. sQme
-enbodi meRtEeNSF %cﬁés%wﬁ?"ésgﬁle o %‘_PP,'P ”npﬁg&ogh‘a 0 pALs By Be
sound | neROLIE Whe8 Bufil Y BlerbBRPREVL ! Reiiotoacoustic ebpsndd 'o?’%kéef blood

measur enents and the adjusted nmeasurenents are used to det'erm ne gl ucose
concent riadluoto.light pwleesst2enrbodi ment s of the present invention controller 30

controls at |east, one transducer, .62 fo continuous transmt nodul at ed beam
ooy ough. oI BTERE A4 BRAE S LR TEToESD e O 1 the oo B e LIS T

throggh ol Ym0 42 T4B18bd bbolu¥BS) SeCstiBIBSHERBSudisY bl YhPRiGERccAREyUidd theeach
light pulse’in the train of |light pulses. In some enbodi nents of the

pr esent pholeagousic regponsorishe bloed bobisevittigseerats a'thdtegddyned phitpacomsiss signal".
Doppl lufts i | t. [ t it h d
i et e et B oot o TR G 5 FraieRt isBat it Jedbg Beas

Ref er ri ngeqgatPof heMigt afli sdnd Frebiihced SAIIVERarBIEQRNBESI the B]1CIEHHhE STHO
assay bl ood gl'ucose fromtransit tines, when operating to assay bl ood

gl ucose presmurdDappliwde Hfiithe deierndyned sighalt isbropartionad indhe power ol Her ref@ence

control s, transducer 62 to transm t dul at ed beam 68 ul trasqund

b olfgh BET A8 88 Drgbyriafh Btk SR g bR FgUTeot PGPS faves
node, at gahetdtdiEbY Blood! BHIITBG 8&spbisivd toilnRdhfRonR) HEht4%IW 40 Bhel ha@Bbdddse
42 that s relatively short 300with respect to a transit tine of sound

t hr ough sign®gan he deteaied hatapgrapyiatehidltaringiaf stamalsegencgated topeirlaast age imansgucer
"Doppl er,shi.ft: ter illumnates bolus 40 with a |ight pul se
42 t hat %@usﬂlé#%efzﬁgﬁ?f‘?%)]Pn%&v%ﬁtpgg%’ect to the transit tine. As a result,
fromtime t0, Thohtienthds asttne rthgi »RefSiehtOubalisig beinastigt Aleasysbabnen W of

substantially continuously as portions_of beam g8 28 WO 02/ 1S771
PCT/340 u1Pgwer7nia blogd dodust havingop yelugpegos ahqyﬁilnlapéd foigpositficint sy Brthe

. fregponiine ass bt
Cur T oundr gt el o R e e R P P, Nacrp i, &yl gt TR ©

port i onscaplihgaih 166. acdsistiotsipaRbiavide nsmubetiynvéy geteaate reg hetefodgned nipnalf is

moving through a region in which 5 the speed, of und_i s. changj ng,

Under goedSHEBh I 6r Jak prticgy e gﬁ%ﬁwg %@?P%y By P Qiépben V.

=f (~x/ C(Eét%ﬁérsi% éﬂE)Pre%nl%b,eth%@&%'s_%é)B%e ch ’in&‘fpdr?eg*}f%re%‘:oﬁ refeRgch, Of
I

t he sound wave through the region, x ist ocation o X 1n e region,
dC( x37 dt Cekulatient inrtlee benki indichtegosdible@ain fattotsocati on x. It is assuned that

th d of d i.ts derivati . t ant th h | ength
Fix. "10 Ther clidh B bagos it et harRyine ARESI P leoifien of RelOitmen 18 B

in the 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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accor dangft Yo Maan enbodi ment of the present invention provide the

concentration of the substances as a function of position in the bodé. In
some enbodi mentsemeembhdinmnésefithe presenttnvention shyargesin asapstisfimpedanea of hloodns

of substance in a bo .S used.{o.i e features .and/ or. co nept.s _of the
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i mge chol esterol in a person'$S body in accordance with an enbodi nent of
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i |1 um natgmnsiedtoiludnatidntby thg lighfulssavel engt hs suitabl e for assaying
chol esterol and determ nes concentrations of chaolesterol in region 36 using

met R8ds si mi | @iraseyndrsaves deficctadpaem Dedisctt whileiHils expanding OYavER ASPTHRE of
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pr oceedssigmtidte t arveiynrgoNoepién <hi it dnaringf exphodies tvehilel a photddeessticotiveris ibeipigons.
A map 110 of chol esterol concengiration as a cti,on of position for
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two | ocati ons. ocat 1 ons | aque deposits 104 and 106 are visible
on ol ésatddly lightpelse A2tare genergdlylch@rastenned oynvety dpgaipoppler sidits.way of

anot her exanpl.e ssay .,i er 100 SO be used to,i e tunors.
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region of tissue with assay 10 imger 100 using light at a wavel ength that

i s st rorgbyd befusisteingieataddydight thatisobeerhedly Word- an enbodi nent of the
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clearly contrasted with healthy tissue. In sone enbodi nents of the present

: al thy ! ! . A
i nvent i orPniTal lighd senrce Al de dllupingfeholisA? with ariehi Bulse 43 apé spélsdolus 16 deing
concent Fiﬁhhﬁﬁht{lf bg the! %gh@ﬁ&lﬁe ! é&n@r@{? oA taRLddos: g& 3&( 'u%ﬁ%ﬁy% gél'se 3% Sy
i mager is overlald on an fnadge o he “region pr ovided by another I mging
nmodal i t yyltrasouhd disat ifocesaingl ihe dioddRioluy: ACT sesmlgef illumisation of bbbl 40cbyt Kglatf
the present invention, the inage on which the assay image is overlaid is an
ultrasound imge. Optionally the ultrasound imge is acquired using the
same ul trasound detectors that are used®4 o acquire the assay inmage. By




20 using the sanme ultrasound detectors for acquiring both the assay inmge
and the ultrasound i nage on which the assay imge is overlaid the assay

i mage i s wotenwtzscal |y registered to the ultrasound i magepchrALbiiRo
description and clainms of the present application, each of the verbs,

"conpri §$&1ce 4bn A 0 P " | r
i gt S A2 P ) oRfnfs RN THAMELDB BRI R o R,
conpl et eptddstelog of the sheads of congrbradt genertesne photcacoystict wawd, Eieegy Uhjrect
or subjects of the verb. The present invention has been_described usin

det ai | edlEHeER] PsoRb inellerted dometie anifly BoYing Furfacs o %A%p@cﬁndyﬂmmgf
exanpl e r [ i 1 t I: td

doscri bES Ao e o REDARHCL i Enbral A2 ORIy L Bt 1Bes. 59
r equisr ed hennizhdityerftioahpiershiftedfpuidec4i ina dmidtion .of Senenesgyhefiecremtesofahe furéace
present inventjon utilize . only spne of .the features or possjble X

-conbi nat¥ &l S0 Pﬂé{lfl’éélfl}]rléé. 19t ao%gmm% St Rdhi glg’serp‘fmecoaffég@mof

i nventi oyt Bflodd Bol8€36 b B aﬁéu}p@aﬁ)wéfﬁaéﬁt%f%su%@gneﬁ&ﬁﬁgﬁhglbeﬁﬁnt Ion
conprising different conbinations of features noted In the descri bed
enbodi nent s 31 accondans2viith-an BEPodiniedt of thequdstntmniventaone ghucomefee 2d ansasufest he

V0 02/ 15 o RS e RO st Foas RO Sap atiizdbblend btedh BtEn:
of g0l oGRhARELA @A BBhOfor idﬁ'ﬁfﬁ-&ﬁs&ra\}dﬁn%ﬂﬁ%& AMPhistidgd BahtD TR lrﬂéakxﬁe?neﬁtki ng

the region with at |east one pulse of radiation having a wavel ength at
whi ch t reee vseditadétorming absosphidieebeblycictie far bqedraé the wavelpngthssnd asccaphemippgionn an

e St SR bt SR b B A R0 W8
t he i nciQetted kdsposPi i@ acdthtid eakitrhfiéh MBSurRaH £ RS coBatdd ABAURIM&ES ark O

determ ne an absorption coefficient for the radiation in the region;, and e)
usi ng t Heeditn datepmirgiglapesgconseniraienef fi ci ent to deternine concentration of

t he ;,gonponentg.in,the regi qn. .15 2. nethod..accordi ng.so,clkaim1 and .
comgPy ot ng. 1 1Hikint RbrRaNaRY s o sfioPRef SO RERbRatihFe £8P b BEriBR
at | eastchafgesohh@locigvel &igtihin Bl8@Eahi dcegrdandt it dhSémBodiliend6f e preesht
absorption coefficient for the at |east one other wavel ength to determ ne
concent PBY§'®AN0f t he conponent in the region. 20 3. A method according to
claim1l1 or clagj | F f h e ri.ses a
change in ac oGl;fé'l |I§et\§£§¢ %ystﬁ%’g% tg‘g[l\g:%%lg?%fz bt ﬁg@%\éﬁl& ‘gﬁ&“’%@ B\gén%%%%%ﬁ%c@ggr I ng
to cl ai nwith wtlessebie tkasourdngankieet D NGiECH maydfelagslinatiteofltpsouad standucers
refl ecting %t I e&st one _first pulse of ultrasound fromthe region before
i 11 @9 ndpeased Frditigrent Resitigns anhedy martd, BRaemelshal ineplicitbrshgnswith at least
d eLerm, MO frabdufnd! trEAUS! 62 SRAT Y 14,81 b6 ARRRBuRA Wrsfoct %, OBt YssP Brb e
ultrasound fransducer 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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the at | east one reflected pulse; reflecting at | east one second pul se of
ultrasound fromthe region after illumnation of 30 the region wth the at

| east onewpaghadkon pul se; determn;ng a second acoustic egghigyi/doeld ect ance
fromthe region using the anplitude of the second at |east one reflected

ner oy raprac Shdy MabbaLlERESREIRRCR o e fit PR EARR R e
accor di rdgsdribed liaUS Bitando ¢/050 01 0pths disclogurt lo€ wihiehiig éndorfporaibd Rerehrtoerefsreiel Ses:
measuring acqQust.ic ener%%qrr efl ectance_ fxomthe region before illum nation

with the at 8ag Hrfenkalisrall sontinls akleas ereaulirpsaipdtrmsiucadoto appnELR
shifted LG '

1 i naly SIREPHEL, BRKE RITRbLATheCbRiA T bORL 4B0ha s HRRGVAL o khlige
anpl iSt uddtrgound érafxgimpéreé4. shhi fonederabaedimsnis rd thea pessentoinstedtemiyithnee ampbiteee iof
ener refl ect ance, that characterizes_.the region during illum.nation with
the ai INS&BO%RAedela ~i18:1:q%u‘f»tsb<¥;w%)h8f LS oA Basa%dmléméﬁwdb&tmen
the reflaclispeo BRI B the 144BMAL h&m.and during illum nation. 6. A nethod

according to any of clains 1-5 erein an effect of the at |east one effect
conpri ses a Chizaipaeitmwhyle ddamf70de beidg itransrhitted eginomllerd 3 contrdlsligti gdurce 28

accordi Lo claim6 wherei.n neasuri.ng,the. nge i n speed of sound

conpr | se8 IIEREAE A eh EeBOIE FOORHF 05 B RvRed Wl SE1esh St oA ds
a sq@oNGhyt 51ABSEURBTus O Ad¥PlissiB8n Boliy $IRUWAMHRNBdIEBRESES abffh 'RigY om0
I1lum nating the region while the ultrasound wave is present in thé region;

det er m dighg raldei 42t The ahsorbed ienerglr changésetifei spredt of stundsic bobhst 4@ rawduther of
afirst portion of the ultr und_ wave ich firs ortion is present.at a
Firot | Rpiafis Ahshods Sgbf B PtfifEne BE B biod i Iiaflon i g
second thgh bokuk @ té hOBAk BRe frhsAhcdr@stchgngegcond transducer of a second 2S
portion of the ultrasound wave whi ch second portion is present at a second

| ocation in thhés assyimsd thet a pulsaewidth ohilight pilse A2rad Ppoise itome durihg odtidd aat
the first l.ocati.on: and usi he diff.erence in, the tr it .tinmes

ot doh iR Res A e aBeRtof s L lifhe MiFuindist B aht SRR At TeiebBaeron
in the regki apipwantotdtearsithigie FusE:RNEhIHIERI400MSis further assumed that once

the maximum change is established, the change is relatively stable during a period of time

equal to a transit time of sound through tissue in the neighborhood of blood bolus 40 that is
illuminated by light pulse 42. (i.e. It is assumed that the rise time of the changes in the speed
20  of sound caused by light pulse 42 is short compared to the transit time of sound through bolus
40. It is further assumed that the decay time of the changes is long compared to the transit
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 Cq(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)= j[1/c0(x)-1/C(x)]dx= j[(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), Cp(x) is the speed of sound at location x before location x is
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30 8. A nethod according to claim~ wherein the region is sandw ched
between a fzrst and a second acoustic interface at which ultrasound is
parti al | woabheegted and wherein neasuring the change in tperapead@f sound
conprises: 37 WO 02| 1577( PcT!ollon7.to measuring before illununation a

di f f er engemietels i ; gﬁﬁ@ b lanhl i(l‘(ﬁ)n{%fthé' kided TP YHh PR IHE Fdd%aﬁoﬁ bt 1BMEhaNBh O][‘ d

| ocation that is’re cted fromthe first interface and a transit tine o

ul t r asolpydighbpulgg/4bet ween the first and second locations that is reflected
fromthe secqpd jnterface; determ ning a speed d befor

i |l umi nat i onol?q’ér‘{eflﬂét“fee%ﬁe '8?%8@ G TesRect 1 Kdp te%uﬁréégﬁﬁv%ﬁaéﬁc@g%@gm(ﬁb
after il I £fe bet t k ' Ultra d

pet ween SCR] PSSR, s FRALCL R UGRY, A hAGRe MRt b PR es «

i nt esf aGRamied de treRASEl §hile Bk siprésaAURE ENTTYY)]/ERt MRS bd BEprokingdted g

second Iocatigns that I's reflected fromthe second 10 interface;
-det er m diG(y)/e“spbert Ofissuncdtrage speed |dfnoiind toivein teopath Hengtle fraom 4t i least tone

t it ting dif . and deternining the ch in th f d

[t om t & HEREPh g0 & JEistSRe GG Bar Br i Gt BPLRrIFY FLATRALT GUCOIS B, A
Chod ! . o and- !

acoust | et i (B BF RCH)RHR bt LR TS, (8RB AT TR RS Al er

neasur i Ngadshe L£Haoar drivrtilQ[APEEJ)/at oRoHE drdR e 1 C0AC(HICIRAII GG for

pul se of ultrasound iilto the region before illuml~ation so that the 20
pul 48 bothicke vatiations amECaCe)r ek nessmelroven e pate déngtlasCelrd cer pe ssidmpied from

travers e._reqi : .Sensi ner tom. t he | se t exjits the.
region t P %)Vgg e%cﬁeo%gspuﬁ%éﬁ I?l?] ug;}?%%ecg oe’rr}fnénaﬁ3 hug‘(rl)]rfg gﬁra.?ol}zp glt}?%}?l%“fes E%lggma{lﬁd

forth tnayvetsals of the pulse tlirough the region; c) determ ning a speed
of sound in the reg}i on fromthe tinmes at which the energy is sensed; 25 d)
i ntroduci ng avghgsserdhe derivaltwudld T Ty )d/ dxhandr Bgreby A€(arati a lepatipaty ewn do

R L N e e S

di f fier eRgg RE1VRRA the neighBsAbALES FREBES xOft tBRYEH - In particular d[ATT(x))/dx and

thereby AC(x) can be evaluated for locations of x inside bolus 40.
For example, assume that a minimum 72 in amplitude of beam 68 is located at time t(
at a position x1, which borders bolus 40 on a side of the bolus facing transducer 62. The

transit time of minimum 72 in comparison to transit time TT( is changed by an amount

D

20 ATT(xp) = I[ACO(x)/CO(x)C(x)]dx. Assume that an amplitude maximum 74 at time tg is
X

located at position x5 which borders bolus 40 on a side of bolus 40 facing transducer 64. A

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

D
ATT(xp) = [[AC,(X)/C,(®)C(x)]dx . Then [ATT(xp) -ATT(x1)J(xpx1) ~ d[ATT(xp)Vx =

*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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30 10. A nethod according to claim6 whereizi the region is sandw ched b
etween two acoustic interfaces at which ultrasound is partially reflected
and wher gy g oifpas4ir i Nng the change in speed of sound conpri segaLior40VWO

112/ 1577C PCT/ 1 LO1/007-~(1 transmitting ultrasound which is incident on

the region prdor_to .l huninati t i FA t least

radi ati on puIPlsoé ;exad'gylg,r nﬁnﬁasnat?lg fgﬁésefl op‘rg%‘érhedgﬁgg lq‘glo‘fro cv%h%?f? t?ngfﬁrﬁbggl:%g% b%f

the ul t tRsbuls fbh AUk bhelipRgiuiie 42Sis Feh@ullyTupproxinaitdly Bidpstiional {0 @oBdHgtt i ng

ul trasound which is incident on the region after illumnation of the region
abRor

with t héndempeatie dméhe hefustaessedply dee hednensrgy Bor seaten dor exaorlgcin for

which tr, i Ssi | d h iop i i e
i mu SRR EE Frotha® BEDUPCACTR AT, A e P it helseds RRLRNROTRE ¢he
regi gn fa@ra fef\gt bf fIRimiARbrSHE ANKadt PP URIKE bERe 4D rHakp HerdTbredd Writtbe (B2 RRall and

10 using a difference between the fi rsé and second frequencies to determne
t he chargepémturdchanger NG BHltp) gt He)onggwbers B is 2 pomstant of paapwotictiatity. t o

| ai m 6 _wh in the, ' ] ' d bet t tic i f t
i ch iTEPAEE PPPEGIRT Kb i 61 B be BRIOTIRGRLIP e ARGTHIRGOPRIeEb ihange
the' T ol B oot aPp AR <Afhne IFREBTRE 1851 Ml RS BApRATL Tt ol R PR "

radi at i @anpekiseimaied &om ACng a first frequency for which reflection of the
ul trasound through the region is_a maxipmumor a mninmunm 20 transnutting

ul t l@sound wHp@pcardanca gyithesn eabpdimentreidhepresgnt dpvention; Blurametss 60rdetgrines gi on
wth th |.eas radi at | . de 1L NJ . r.e or
whi oh r apRaees S hgR B SN 1 B0 AR e SRR e i BARE ok IR e
and for wdvietdhgths ofVilphe! @hgbinctet 60repadrt detdimihedudtangssoimnile ispeddhef se@idan f or
the first and second frequencies is substantially the sape; and 25 usjing a

di f f er erfistermEione 3bsoIRtien coetfigicat ficeacd of Bwuwavslengthsyantb usssnibgeaispptioRange

in the : 0 P ' : ' :
L7 he e Al B AL o A5 S Mkl f e
15 present invention, determined changes in speed of sound in bolus 40 are adjusted responsive

to acoustic calibration measurements and the adjusted measurements are used to determine
glucose concentration.

In some embodiments of the present invention 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 t(), 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 t(, bolus 40 and a

region surrounding tissue absorb energy substantially continuously as portions of beam 68
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conprises a change in the frequency of ultrasound that traverses the

region. 30 13. A nethod according to claim 12 wherein neasuring the change
in frequepe59Rri ses: 39 WO 02/1S77( PCT/1 LO1 /007- 1pEthigmsid ting an
ul trasound wave froma first transducer towards a second transducer so that

the ult Lnd t th i on. il Lumi nat i t ' i t.h th
at 1 onsteRL s RS bt BShRAReveheh b Rustied st 0 E b & el S,
and whengihy 40&ad@dhelre@ish of fGurhingiell sREbS®RIiNA sshe R lcBangd ddhtimsonsst ditirigadhky 5
| onger than the transit tinme of ultrasound through the region; determning
a first transigobtheposiansofpeam 8. frequency of a first portion of the

ul t rasound eken MLl & ESndROR100S: ALESER) £ Abufle ity h 0L By byt e

regi on whil e region’Is lumTia ; ermning®a Seto requency

shi f15 i nhé BfeeliroFGU@MTY cHanging Ca@IREEoRS & IDEYp1 shifh €A On Udghasyy Rthisbiay Wai ch
second portion is present at a second location in the region at a tine at
-whi ch t hveritténr A = /(o) ([AE@) 61tk [ theatxptdssion iforshf, Amdmthieqath length wdithegyseind
difference ifi the first and _second frequency shifts to determne a .

fr equenc\ya\seﬁquug{f Fiag Tegicw 4 11 109E0BI0f kB PRI TeROTR A GOLTS Hici ime Hertyayeon
bet ween e . ' . | y of
clainms 1-1 Xi/\ﬂé?%ﬁnﬁﬂg{hﬁgg ? %c cg?l?a ;the teeiigg%q[%ngﬁg@'gc%}a glg}’&@g%pe?‘%ds}ggakgoc ange
i n absortpt barh 1&fgthlAkr asound al ong a path Iength in the region. 15. A nethod
according to claim 14 wherein the region is sandw ched between two 20
acoddt i c i nt eTherelze,aes virardensupf rheswudd passpéienshl bpluseff eandedisarl inhdeei n
measuri ng. S. | lses:

"t rodudii oGR8 g AP ALAA BY et J6ISB3Z hF ABbE REBTE Dbl
that t hefrqukss SO0ANTRS ngakudnef fler Dbpplet Mefrfof Aepdrtidreof deds 68ncbceiopedyed| y
traverses the reii on; _b) sensing an anount_of energy fromthe pul se of

ul t r asoutrnsduesr 6&xwhishiah dimesty was osated ap aglistaire X fropnansdiesr 03¢ i 8iVeR b¥ach
of a pluralityof times that tl~.e pulse travels back and forth through the

region; c) det& mnjn ts of ener a rhed fiomt | se for each
bagk andAg(@rT ﬁ%[dC(x)/dﬁ[ﬁg&S@]dx. From an a%%lysgss?nn ar to that use %n e 1scuss1ron 0

X

15  determination of glucose levels from changes in transit times, it can be shown that
d[Af(x))/dx, and thereby [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 {.

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 t so that dC/dt =
B[(l/Hp)(Ioe'“d)ocb] and Af= fB[(l/CZHp)(Ioe‘O‘d)ocb]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 ap, 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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traversal through the region; d) introducing a pulse of ultrasound into the
region after illumnnation so that the pul se 30 bounces back and forth

bet ween tWe sAseEf aces and repeatedly traverses the regi opcafigoffPaAL I Ng b
and c; aazd e) detern,i"ing the change in absorption over the path | ength

using t er nj : r ) 1-
P/ Lo RS0 D S eI hind BRI o7 MGt et D defeintiol eines for
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to claim 16 wherein determining a |location for the region conprises
t r ansni tegsgramentsase usRd todletsrmie abeuptiong. A net hod according to airy of

j ; . 40 2 ' .
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wherein the method conprises neasuring acoustic_properties or the coupling
-bet ween B ¢ ulirasoynd Shat nasses dirgugh thevseiomanpsiian euce aftsrdhe segiok 8ay BedRg t o

any of t;: | | 2 | E n L.Aafl on
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pr ecedi nfjusitacdin Figer®A nod B iatwhielnatgloometer] &0 sinfilar tagimbieter Q0 stoem a

pul se of RF.energy. ,20 21. A nethod,accordin any of,the precedin
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20 1'egio¥1 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. 5A 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 “TT(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 is 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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acoustic properties of material in the body. 37. A nethod according to
cl ai m 36beineedibacln and tfertimbabrees Beior Witasmnd gednsdugiesnen ioppesticuddesdof adjssusi ve

e precbtityon Arutt scrBRRP B BB yABanhandol RipsRiied 6t A% sl uB e

accordi neegich. ¢h 3bike EnBYAGH &It of e Hrievdnd Gnve@ton, I Hitrasonhd paked attyborted Pack
nmet hod. according to claim38 or claim39 wherein the region is a bolus of

bl ood i nandl Suthhbweer a Jdrasgrnd fransdyesy. omane mdmof Motéssue eegion Aed 1B itesfien 40
wherei n {06 COMRONSAE feéiogla{ﬁﬂoasﬁe onh 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 transducer so
that it is reflected back fo 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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light at a pulse repetition frequency to generate photoacoustic waves In
the regiitinminktion. T didgd &vbE speT oflsolid dddbrined hethis mayrer bguseli casgarthat ed

phot oac tic ves W th a ust c ref.erence beam having a frequency that
i s shlftf‘é’?lbqﬁr“ﬁl Héthﬁlﬂr?én&@ o ﬁ%%ﬁ%ﬂéw%ﬁ an of fset frequency; and
detecting acomSidnte \éﬁ%@&m@éntst B tf fn%@ént fh@AUBAC ¥lucomd@r 88- deferBhdiOflucose

according to claim 51 wherein heterodyning conprises focusilig the acoustic

r ef er enceenperdration mh@ssuegieglnns% bivadeternonisgi & “egsenapy” ifrequbnecyr &gi vitrasousdh t he

ref erence heamd s, SULTLCIPRL 0o AHEBub S ASH b BohE SRR SRLLY O

. AnL% AYgr AnbxifhunfAY[ L. AL[L. Al 9. An” . AnL. AL. AL. A" . A" . AL. Al L. AnL. A9. An&. A9. AL.
A[ AT AALALAAAAn A[9ALAn AnL. An" . A99. A" . AnL. A" . AL. A9. A9. A
L. A AY[ L. A3 F]&esgn&mfw[q\ugl}qms:are defined by a matchmg condition between the wavelength of

xsni o e RVl e e e paLechEALEAVD o6 the alsbabe Tharlea A aabaav btk ©
bone 94) is met. For example, reflection maxima and minima (and respectively transmission

20 minima and maxima) occur for an incidence angle 6 of ultrasound on bone 90 at frequencies
"f" for which the ultrasound in tissue region 90 has a wavelength A = C/f = 4Dcos6/n. In the
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 resulis 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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In some embodiments of the present invention, an "assay image" of a region of the

15 body responsive to concentration of a substance in the region that is provided by an assay

imager is overlaid on an image of the region provided by another imaging modality, such as

for example an MRI or CT image. In some embodiments of the present invention, the image

on which the assay image is overlaid is an ultrasound image. Optionally the ultrasound image

is acquired using the same ultrasound detectors that are used to acquire the assay image. By

20  using the same ultrasound detectors for acquiring both the assay image and the ultrasound

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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component in the region.

15 2. A method according to claim 1 and comprising illuminating the region with at least
one pulse of radiation at at least one other wavelength, repeating b-d and using the determined
absorption coefficient for the at least one other wavelength to determine concentration of the

component in the region.

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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measuring amplitude of Doppler shifted vltrasound waves reflected from the incident
ultrasound during illumination of the region with the at least one light pulse;

using the amplitude of the Doppler shifted ultrasound waves to determine acoustic
energy reflectance that characterizes the region during illumination with the at least one
radiation pulse; and

determining a difference between the reflectance before illumination and during

illumination.

6. A method according to any of claims 1-5 wherein an effect of the at least one effect

comprises a change in speed of sound in the region.

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 ultrasound 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 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.
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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10  interface;
determining a speed of sound after illumination for the region from the transit time
difference; and
determining the change in the speed of sound from the determined speeds of sound
before and after illumination.
15
9. 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 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;
¢) 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 c; 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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the speed of sound in the region.

11. 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
15  change in 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 reflection of the ultrasound through the region
is a maximum or a minimum,
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:
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luminated;
determining a second frequency 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 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 second
locations.
15
14. A method according to any of claims 1-13 wherein an effect of the at least one effect

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;
¢) 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 traverses the region and
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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and the body.

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

15  radiation comprises a microwave pulse.

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) sensing photoacoustic waves generated responsive to the light pulse and
determining locations of their origins;
¢) 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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detecting acoustic waves at the offset frequency.

25. A method according to any of claims 22-24 and comprising illuminating the region
with at least one pulse of light at at least one other wavelength, repeating b and ¢ and using
the determined absorption coefficient for the at least one other wavelength to determine

15  concentration of the component in the region.

26. A method according to claim 24 and comprising illuminating the region with at least
one other light pulse train characterized by a different wavelength and pulse repetition rate,
repeating b and c, 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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comprises a pulse of IR light.

15
35. A method according to any of claims 21-34 wherein the at least one light pulse

comprises a pulse of visible light.

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.  Amethod 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 a 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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45. A method according to claim 44 and comprising using a same at least one ultrasound
15  transmitter or ultrasound sensor 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 fiequency to

generate photoacoustic waves in the region,;
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